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We have studied the neutron-capture reactions 10,11B(n, ) and the role of the 11B(n, ) 
reaction in seeding r-process nucleosynthesis. The possibility of the description of the 
available experimental data for cross sections of the neutron capture reaction on 10B at 
thermal and astrophysical energies, taking into account the resonance at 475 keV, was 
considered within the framework of the modified potential cluster model (MPCM) with 
forbidden states and accounting for the resonance behavior of the scattering phase shifts. 
In the framework of the same model the possibility of describing the available 
experimental data for the total cross sections of the neutron radiative capture on 11B at 
thermal and astrophysical energies were considered with taking into account the 21 and 
430 keV resonances. Description of the available experimental data on the total cross 
sections and astrophysical S-factor of the radiative proton capture on 11B to the ground 
state of 12C was treated at astrophysical energies. The possibility of description of the 
experimental data for the astrophysical S-factor of the radiative proton capture on 14C to 
the ground state of 15N at astrophysical energies, and the radiative proton capture on 15N 
at the energies from 50 to 1500 keV was considered in the framework of the MPCM with 
the classification of the orbital states according to Young tableaux. It was shown that, on 
the basis of the M1 and the E1 transitions from different states of the p15N scattering to 
the ground state of 16O in the p15N channel, it is quite succeed to explain general behavior 
of the S-factor in the considered energy range in the presence of two resonances. 
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1. Introduction 
 
This review is the logical continuation of works devoted to the radiative proton and 
neutron capture on light nuclei that were published in the International Journal of 
Modern Physics E 21 (2012) 1250039, 22 (2013) 1350028, and 22 (2013) 1350075. 
 
1.1. Astrophysical aspects of the review 
 
As we know, light radioactive nuclei play an important role in many astrophysical 
environments. In addition, such parameter as cross section of the capture reactions as a 
function of energy is very important for investigation of many astrophysical problems 
such as primordial nucleosynthesis of the Universe, main trends of stellar evolution, 
novae and super-novae explosions, X-ray bursts etc. The continued interest in the 
study of processes of radiative neutron capture on light nuclei at thermal and 
astrophysical energies is caused by several reasons. Firstly, this process plays a 
significant part in the study of many fundamental properties of nuclear reactions, and 
secondly, the data on the capture cross sections are widely used in a various 
applications of nuclear physics and nuclear astrophysics, for example, in the process of 
studying of the primordial nucleosynthesis reactions. 
The study of the reaction 11B(n, )12B, from the astrophysical point of view, may 
play a definite role in reaction chains in the so-called inhomogeneous Big Bang 
models1,2,3,4,5 that allow to the synthesis of heavy elements via the next chain of neutron 
capture reactions: 
 
 1H(n,)2H(n,)3H(2Н,n)4He(3Н,)7Li(n,)8Li(4Не,n)11B(n,)12B(-)12C(n,) 
 13C(n,) 14С(n,)15C(-)15N(n,)16N(-)16О(n,)17О(n,4He)14C…  (1) 
 
While, the study of the reaction 10B(n, )11B, from the astrophysical point of view, is 
not so interesting because this capture channel will be negligible, as opposed to 
7Li(, )11B, for production of 11B for reaction chains of Eq. (1). 
However, it seems to us that the study of this reaction is also interesting, even 
though that it has been impossible for us to find any similar theoretical calculations for 
the reaction 10B(n, )11B in thermal and astrophysical energy range. In addition, 10B is 
a very good absorber of neutrons that it is used in control rods in nuclear reactors. This 
property also makes it useful for construction of neutron detectors. Boron is used to 
make windows that are transparent to infrared radiation, for high-temperature 
semiconductors, and for electric generators of a thermoelectric type.6 
Let us note that usually supposed7 that proton capture reaction on 11B at the 
astrophysical energies (Ep < 100 keV) leads to the small cross sections of the 
formation of 12C, because of large Coulomb barrier. The proton capture reaction on 11B 
is also neglected in the primordial nucleosynthesis and formation of 12C nucleus at the 
neutron capture on 11B with the following beta decay of 12B to 12C is supposed. The 
density of 4He nuclei in the star nucleosynthesis, produced in the p-p chain, is 
sufficiently large and namely triple alpha process is responsible for synthesis of 12C. 
However, as we know now, it is impossible to neglect by the neutron capture on 11B in 
full.7 Besides, the following nuclear reaction chain was found to be very important in 
nucleosynthesis processes of proton-rich nuclei:2 
 
 7Be(p,)8B(,)11C(e+,n)11B(p,)12C. (2) 
 
The measurements of the reaction rate for 11В(р,) process at low energies, 
generally, are focused in the narrow resonance range at Ер = 163 keV with small 
width. Study of this resonance with the help of the 11В(р,0+1) reaction
8 allows one to 
obtain width of  = 6.7 keV and cross section of  = 125 μb in the resonance range, 
which differ from the assumed values9 ( = 5.3 keV and  = 158 μb) more than by 
20%. The values  = 5.4 keV and  = 130 μb were obtained relatively recently in 
Ref. 10, and was drawn the conclusion that this resonance plays the key role in the 
determination of the reaction rate for the 11В(р,) process at low and astrophysical 
energies. Therefore, this reaction can play the certain role in different thermonuclear 
processes in the Universe at synthesis of 12C. 
Recently, for example in Ref. 11, it was supposed that baryon number 
fluctuations in the early Universe lead to the formation of high-density proton-rich and 
low-density neutron-rich regions. This might be the result of the nucleosynthesis of 
elements with mass A  12 in the neutron-rich regions of the early Universe.12,13 The 
special interest is the nucleus 14C,14 which is produced by successive neutron 
capture1,2,3,4,5 
 
 … 12C(n,γ)13C(n,γ)14C … . (3) 
 
The nucleus 14C has a half-life about 6000 years and is stable on the time scale of 
the Big-Bang nucleosynthesis. Therefore the synthesis of elements with mass ≥ 14 
depends on the rate of the neutron, alpha, and proton capture reactions on 14C. Because 
the cross section for neutron capture on 14C at thermal energies is very small (σ  1 μb, 
Ref. 15) and it is located at the level of 5–15 μb in the region of 100–1000 keV, it is 
assumed12 that the alpha capture reaction is dominant. However, the proton capture on 
14C might be of equal importance, because it depends on the proton abundance and 
density of their distribution in certain regions of the early Universe.  
Note furthermore that the results of new studies of the reaction 14C(p, )15N in the 
nonresonance energy range14 lead to the cross sections that higher on the order and 
more than the cross sections obtained earlier in Ref. 16. It allows one to obtain higher 
rate of the 14C(p, )15N reaction at lower temperatures, notably, lower than 0.3Т9, that 
is essentially rise the role of this reaction for synthesis of heavier elements in the low 
energy range at the different stages of formation and development our Universe.12 
Continuing the study of the radiative proton capture reactions on light atomic 
nuclei, which are the part of different thermonuclear processes,17 let us stop on the 
capture reaction p15N  16O at astrophysical energies. This process is a part of basic 
chain of thermonuclear reactions of the CNO cycle,18 which determine the formation 
of the Sun and stars at early stages of their evolution18 
 
 12C(p,γ)13N(β+)13C(p,γ)14N(p,γ)15O(β+)15N(p,)12C. (4) 
 
This chain has alternative reaction channel, which begins from the last reaction 
of the proton interaction with 15N (see Ref. 19) 
 
 15N(p,γ)16O(p,γ)17F(β+)17O(p,4He)14N. (5) 
 
At stellar temperatures the 14N(p,γ)15O reaction is the slowest process in the cycle, 
defining the time scale and the overall energy production rate.20,21,22 This reaction is 
therefore of importance for the interpretation of CNO burning. The proton capture by 
15N is relevant, as it is a branch point linking the first CNO or CN cycle with the 
second CNO or NO cycle. 
Evidently, the considered reactions can play a certain role in some models of the 
Universe,1-5 when the number of forming nuclei, perhaps, is dependent on the presence 
of dark energy and its concentration,23 on the rate of growth of baryonic matter 
perturbations,24 or on the rotation of the early Universe.25 However, perturbations in 
the primordial plasma not only stimulate the process of nucleosynthesis,26 but also kill 
it, for example, through the growth of the perturbations of non-baryonic matter of the 
Universe27 or because of the oscillations of cosmic strings.28  
 
1.2. Nuclear aspects of the review 
 
One extremely successful line of development of nuclear physics in the last 50-60 
years has been the microscopic model known as the Resonating Group Method (RGM, 
see, for example, Refs. 29, 30, 31, 32, and 33). And the associated with it models, for 
example, Generator Coordinate Method (see, particularly, Refs. 33 and 34]) or 
algebraic version of RGM.35,36 However, the rather difficult RGM calculations are not 
the only way in which to explain the available experimental facts. But, the possibilities 
offered by a simple two-body potential cluster model (PCM) have not been studied 
fully up to now, particularly if it uses the concept of forbidden states (FS).37 The 
potentials of this model for discrete spectrum are constructed in order to correctly 
reproduce the main characteristics of the bound states (BSs) of light nuclei in cluster 
channels, and in the continuous spectrum they directly take into account the resonance 
behavior of the elastic scattering phase shifts of the interactive particles at low 
energies.38,39 It is enough to use the simple PCM with FSs taking into account the 
described methods of construction of potentials and classification of the orbital 
states according to Young tableaux for consideration many problems of nuclear 
physics of low energy and nuclear astrophysics. Such a model can be called a 
modified PCM (MPCM). In many cases, such an approach, as has been shown 
previously, allows one to obtain adequate results in the description of many 
experimental studies for the total cross sections of the thermonuclear reactions at 
low and astrophysical energies.37,38,39 
Therefore, in continuing to study the processes of radiative capture,38,39 we will 
consider the n + 10,11B  11,12B + , p + 11B  12C + , p + 14C  15N + , and 
p + 15N  16O +  reactions within the framework of the MPCM at low and thermal 
energies. The resonance behavior of the elastic scattering phase shifts of the interacting 
particles at low energies will be taken into account. In addition, the classification of the 
orbital states of the clusters according to the Young tableaux allows one to clarify the 
number of FSs and allowed states (ASs), i.e., the number of nodes of the wave function 
of the relative motion of the cluster. The potentials of the n10B interaction for scattering 
processes will be constructed based on the reproduction of the spectra of resonance 
states for the final nucleus in the n10B channel. The n10B potentials are constructed based 
on the description both of the binding energies of these particles in the final nucleus and 
of certain basic characteristics of these states; for example, the charge radius and the 
asymptotic constant (AC) for the BS or the ground state (GS) of 11B, formed as a result 
of the capture reaction in the cluster channel, which coincide with the initial particles.39 
 
2. Model and calculation methods 
 
Let us give firstly the basic expressions for the phase shift analysis of the p14C elastic 
scattering and note that earlier we already have performed the phase shift analysis in 
systems p6Li, n12C, p12C, 4He4He, 4He12C, p13C, and n16O,40,41,42,43,44,45,46 meanwhile, 
essentially at astrophysical energies.39 
The nuclear scattering phases obtained on the basis of the experimental 
differential cross sections allow one to extract certain information about the structure 
of resonance states of light atomic nuclei.47 In this case, the processes of the elastic 
scattering of particles with total spin of 1/2 on the nucleus with zero spin take place in 
nuclear systems like N4He, 3Н4Не, N12С, N16O, N14C etc. The cross section of the 
elastic scattering of such particles is presented in the simple form48 
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Here 
L L Lexp(2 )S i
      – scattering matrix, L
  – required scattering phase 
shifts, L  – inelasticity parameters, and signs “” correspond to the total moment of 
system J = L  1/2, k – wave number of the relative motion of particles k2 = 2E/ħ2, 
 – reduced mass, Е – the energy of interacting particles in the center-of-mass system, 
 – Coulomb parameter. 
The multivariate variational problem of finding these parameters at the specified 
range of values appears when the experimental cross sections of scattering of nuclear 
particles and the mathematical expressions, which describe these cross sections with 
certain parameters JL  – nuclear scattering phase shifts, are known. Using the 
experimental data of differential cross-sections of elastic scattering, it is possible to 
find a set of phase shifts JL , which can reproduce the behavior of these cross-sections 
with certain accuracy. Quality of description of experimental data on the basis of a 
certain theoretical function or functional of several variables of Eqs. (6) and (7) can be 
estimated by the 2 method, which is written as 
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where e and t are experimental and theoretical, i.e., calculated for some defined 
values of the scattering phase shifts cross-sections of the elastic scattering of 
nuclear particles for i-angle of scattering, e  the error of experimental cross-
sections at these angles, N  the number of measurements. The details of the using 
by us searching method of scattering phase shifts were given in Ref. 48 and in our 
works Refs. 39 and 43. 
The nuclear part of the intercluster interaction potential, for carrying out 
calculations of photonuclear processes in the considered cluster systems, has the form: 
 
 V(r) = -V0 exp(-r
2), (9) 
 
with point-like Coulomb term of the potential. 
The potential is constructed completely unambiguously with the given number of 
BSs and with the analysis of the resonance scattering when in the considered partial 
wave at energies up to 1 MeV where there is a rather narrow resonance with a width of 
about 10–50 keV. Its depth is unambiguously fixed according to the resonance energy 
of the level at the given number of BS, and the width is absolutely determined by the 
width of such resonance. The error of its parameters does not usually exceed the error 
of the width determination at this level and equals 3–5%. Furthermore, it concerns the 
construction of the partial potential according to the phase shifts and determination of 
its parameters according to the resonance in the nuclear spectrum. 
Consequently, all potentials do not have ambiguities and allow correct 
description of total cross sections of the radiative capture processes, without 
involvement of the additional quantity – spectroscopic factor Sf.
49 It is not required to 
introduce additional factor Sf under consideration of capture reaction in the frame of 
PCM for potentials that are matched, in continuous spectrum, with characteristics of 
scattering processes that take into account resonance shape of phase shifts, and in the 
discrete spectrum, describing the basic characteristics of nucleus BS.  
All effects that are present in the reaction, usually expressed in certain factors 
and coefficients, are taken into account at the construction of the interaction potentials. 
It could be possible, exactly because they are constructed and take into account FS 
structure. On the basis of description of observed, i.e., experimental characteristics of 
interacting clusters in the initial channel and formed, in the final state, a certain 
nucleus that has a cluster structure consisting of initial particles. In other words, the 
presence of Sf, is apparently taken into account in the BS wave functions of clusters, 
determining the basis of such potentials due to solving the Schrödinger equation.50 
The AC for any GS potential was calculated using the asymptotics of the wave 
function (WF) having a form of exact Whittaker function51 
 
 )2(2)( 2/1 krWCkr  LWL , (10) 
 
where L is the numerical wave function of the bound state obtained from the solution 
of the radial Schrödinger equation and normalized to unity; W is the Whittaker 
function of the bound state which determines the asymptotic behavior of the WF and 
represents the solution of the same equation without nuclear potential, i.e., long 
distance solution; k is the wave number determined by the channel binding energy;  
is the Coulomb parameter that is equal to zero in this case; L is the orbital moment of 
the bound state. 
The total radiative capture cross sections (NJ,Jf) for the ЕJ and МJ transitions in 
the case of the PCM are given, for example, in Ref. 49 or Refs. 38, 39, 52, and 53 are 
written as: 
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where  – total radiative capture cross section;  – reduced mass of initial channel 
particles; q – wave number in initial channel; S1, S2 – spins of particles in initial channel; 
K, J – wave number and momentum of -quantum in final channel; N – is the Е or М 
transitions of the J multipole ordered from the initial Ji to the final Jf nucleus state. 
The value РJ for electric orbital ЕJ(L) transitions has the form
38-49 
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Here, Si, Sf, Lf, Li, Jf, and Ji – total spins, angular and total moments in initial (i) and 
final (f) channels; m1, m2, Z1, Z2 – masses and charges of the particles in initial 
channel; IJ –integral over wave functions of initial i and final f states, as functions of 
cluster relative motion of n and 10B particles with intercluster distance R. 
For consideration of the М1(S) magnetic transition, caused by the spin part of 
magnetic operator,54 it is possible to obtain an expression38,39 using the following:55 
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Here, m is the mass of the nucleus, and 1 and 2 are the magnetic moments of the 
clusters, the values of which are taken from Refs. 56 and 57. 
The construction methods used here for intercluster partial potentials at the given 
orbital moment L, are expanded in Refs. 38, 39, 58 and here we will not discuss them 
further. The next values of particle masses are used in the given calculations: 
mn = 1.00866491597 amu,
59 mp = 1.00727646577 amu,
60 m(10B) = 10.012936 amu,61 
m(11B) = 11.0093052 amu,62 m(14C) = 14.003242 amu,63 m(15N) = 15.000108 amu,64 
and constant ħ2/m0 is equal to 41.4686 MeV fm
2. 
 
3. Neutron-capture reaction 10B(n, )11B 
 
3.1. Structure of cluster states 
 
We regard the results of the classification of 11B by orbital symmetry in the n10B channel 
as qualitative, because there are no complete tables of Young tableaux productions for 
systems with more than eight nucleons,65 which have been used in earlier similar 
calculations.38,39 At the same time, simply based on such a classification, we succeeded in 
describing the available experimental data on the radiative capture of neutrons and 
charged particles for a wide range of reactions.38,39,66,67,68 This is why the classification 
procedure by orbital symmetry given above was used here for the determination of the 
number of FSs and ASs in partial intercluster potentials and, consequently, to the 
specified number of nodes of the wave function of the relative motion of the cluster for 
the case of neutrons and 10B. 
Furthermore, we will suppose that it is possible to assume the orbital Young 
tableau in the form {442} for 10B; therefore, for the n10B system, we have 
{1}  {442}  {542} + {443} + {4421}.65 The first of the obtained tableaux is 
compatible with orbital moments L = 0, 2, 3, and 4, and is forbidden because it contains 
five nucleons in the s-shell. The second tableau is allowed and is compatible with orbital 
moments L = 1, 2, 3, and 4, and the third is also allowed and is compatible with L = 1, 2, 
and 3.69 As mentioned before, the absence of tables of Young tableaux productions for 
when the number of particles is 10 and 11 prevents the exact classification of the cluster 
states in the considered system of particles. However, qualitative estimations of the 
possible Young tableaux for orbital states allow us to detect the existence of the FSs in 
the S and D waves and the absence of FSs for the P states. The same structure of FSs 
and ASs in the different partial waves allows us to construct the potentials of intercluster 
interactions required for the calculations of the total cross sections for the considered 
radiative capture reaction. Thus, by limiting our consideration to only the lowest partial 
waves with orbital moment L = 0, and 1, it could be said that for the n10B system (for 
10B it is known J,Т = 3+,0; Ref. 70), the only allowed state exists in the P wave 
potentials and the FS is in the S waves. The state in the 6Р3/2 wave (representation in 
(2S+1)LJ) corresponds to the GS of 
11B with J,Т = 3/2-,1/2 and is at the binding energy of 
the n10B system of -11.4541(2) MeV.9 Let us note that some n10B scattering states and 
BSs can be mixed by isospin with S = 5/2 (2S+1 = 6) and S = 7/2 (2S + 1 = 8). 
The spectrum of 11B for excited states (ESs), bound in the n10B channel, shows that 
at the energy of 2.1247 MeV above the GS or -9.3329 MeV (see Ref. 9) relative to the 
threshold of the n10B channel, the first ES can be found, bound in this channel with the 
moment J = 1/2-, which can be compared with the 6F1/2 wave with an FS. However, we 
will not consider it, because of the large value of the angular momentum barrier. The 
second ES at the energy 4.4449 MeV (see Ref. 9) above the GS or -7.0092 MeV relative 
to the threshold of the n10B channel has the moment J = 5/2-, and it can be compared 
with the mixture of the 6P5/2 and 
8P5/2 waves without FSs. Furthermore, the unified 
potential of such a mixed P5/2 state will be constructed, because the model used does not 
allow one to divide states with different spin clearly. The wave function obtained with 
this potential at the calculation of the Schrödinger equation and, in principle, consisting 
of two components for different spin channels, does not divide into these components in 
the explicit form, i.e., we are using the total form of the WF in all calculations. The third 
ES at the energy of 5.0203 MeV (see Ref. 9) relative to the GS or -6.4338 MeV relative 
to the channel threshold has the moment J = 3/2-, and it can be matched to the 6P3/2 
wave without an FS. The fourth ES at the energy of 6.7429 MeV (see Ref. 9) relative to 
the GS or -4.7112 MeV relative to the channel threshold has the moment J = 7/2-, and it 
can be matched to the mixture of the 6P7/2 and 
8P7/2 waves without an FS. In addition, it 
is possible to consider the ninth ES at the energy of 8.9202 MeV with the moment 5/2-, 
i.e., at the energy of -2.5339 MeV relative to the n10B threshold, which can be matched 
to the mixture of the 6P5/2 and 
8P5/2 states without FSs. 
Consider now the resonance states in the n10B system, i.e., states at positive 
energies. The first resonance state of 11B in the n10B channel, located at the energy 
0.17 MeV, has the neutron width of 4 keV and the moment J = 5/2+.9 It is possible to 
compare this state with the 6S5/2 scattering wave with an FS. We have not succeeded in 
the construction of the potential with such small width; therefore, we will consider this 
scattering wave as nonresonance, which leads to zero scattering phase shifts. The 
second resonance state has the energy of 0.37 MeV – its neutron width equals 0.77 
MeV and the moment J = 7/2+;9 therefore, it is possible to compare this with the 8S7/2 
scattering wave with an FS. Because of the large width of resonance (two times greater 
than its energy), we will use nonresonance values of the parameters for the potential to 
coincide with the previous 6S5/2 potential. The third resonance state has the energy of 
0.53 MeV in the laboratory system (l.s.) – its neutron width equals 0.031 MeV in the 
center-of-mass system (c.m.) and the moment J = 5/2-.9 Therefore, it can be compared 
with the mixed 6P5/2 + 
8P5/2 scattering waves without FSs. These characteristics of the 
resonance are given in Table 11.11 of Ref. 9, and in the note to this table are given the 
energy and the width values equal to 0.495(5) MeV and 140(15) keV, respectively, 
with reference to Ref. 71. At the same time, the value of 0.475(17) MeV (l.s.) with the 
total width 200(20) keV (c.m.) is given in Table 11.3 of Ref. 9 for this resonance. 
Furthermore, under the construction of this potential, we will proceed from two 
variants of data, notably, the first and the last given above with the width of 31 keV 
(c.m.), but at the energy of the resonance of 475 keV (l.s.), which follows from the 
level spectrum.65 
The next resonance is at the energy above 1 MeV and we will not consider it (see 
Table 11.11, Ref. 9). There are no resonance levels lower than 1 MeV in the spectrum of 
11B that can be matched to the 6P3/2 and 
6+8P7/2 states.
9 Therefore, their phase shifts are 
taken as equal to zero, and as far as there are no FSs in the P waves, by way of the first 
variant, such potentials can be simply equalized to zero.38,39 We ought to note here that 
there are more up-to-date values for all these states72 – the results from this review do 
not differ for the ESs (see Table 11.18, Ref. 72), but do have slightly different values for 
resonance states. Particularly, the excited energy of 11.893(13) MeV with the adjusted 
total width of 194(6) keV, which gives 483 keV (l.s.) for the resonance energy, is given 
for the state J = 5/2-, which can be matched to the 6+8P5/2 scattering waves without FSs. 
The width equal to 1.34 MeV, which is given for the state with J = 7/2+, compares with 
the 8S7/2 scattering wave with an FS – it is twice that given in Ref. 9. 
Continuing to the analysis of possible electromagnetic E1 and M1 transitions, let 
us note that we will consider only transitions to the GS and to four (2nd, 3rd, 4th, and 
9th) ESs from the S and P scattering waves. As the GS is matched with the 6Р3/2 level, 
it is possible to consider E1 transitions from the 6S5/2 scattering wave to the GS of 
11B. 
 
No. 1. 2/3
6
2/5
6 PS  . 
 
In addition, it is possible to consider E1 transitions from the 6S5/2 and 
8S7/2 
scattering waves to the second ES of 11B, which is the mixture of two P states: 
 
No. 2. 
2/5
8
2/7
8
2/5
6
2/5
6
PS
PS


. 
 
Because here we have transitions from the initial S states that differ by spin to the 
different parts of one total WF of the BS, which, evidently, have no essential 
difference, the cross section of these transitions will sum up, i.e.,  = (6S5/2 → 
6P5/2) + 
(8S7/2 → 
8P5/2). The third ES is matched with the 
6Р3/2 level as the GS, and it is 
possible to consider the E1 transitions from the 5S5/2 scattering waves to this ES of 
11B. 
 
No. 3. 2/3
6
2/5
6 PS  . 
 
Another E1 transition is possible from the 6S5/2 and 
8S7/2 scattering waves of the 
fourth ES of 11B at J = 7/2-: 
 
No. 4. 
2/7
8
2/7
8
2/7
6
2/5
6
PS
PS


. 
 
The cross section of these two transitions will also sum up. The last of considered 
E1 transitions is the capture from the 6S5/2 and 
8S7/2 scattering waves to the ninth ES of 
11B at J = 5/2-: 
 
No. 5. 
2/5
8
2/7
8
2/5
6
2/5
6
PS
PS


. 
 
The cross section of these transitions will also sum up, as given in the case of reaction 2. 
Furthermore, it is possible to consider M1 transitions to the GS from the 
resonance scattering wave 6Р5/2 at 0.475(17) MeV, and from the nonresonance 
6Р3/2 
wave. 
 
No. 6. 
2/3
6
2/3
6
2/3
6
2/5
6
PP
PP


. 
 
As will be shown later, the cross section of the transition 2/3
6
2/3
6 PP   for the 
first variant of the 6Р3/2 scattering potential with zero depth will stay at the level 1–2 
μb, and the other transitions from the nonresonance waves will not be considered. 
Furthermore, it is possible to consider M1 transitions to the second ES 6P5/2 and 
8P5/2 
from the resonance 6P5/2 and 
8P5/2 scattering waves. 
 
No. 7. 
2/5
8
2/5
8
2/5
6
2/5
6
PP
PP


. 
 
Because this is the transition from the mixed-by-spin Р5/2 scattering wave to the 
mixed-by-spin second ES, the cross section will be averaged according to transitions 
given above, i.e.,  = 1/2 {(6P5/2 → 
6P5/2) + (
8P5/2 → 
8P5/2)}. The possible transition 
6+8P7/2 → 
6+8P5/2 from the nonresonance 
6+8Р5/2 wave to the second ES is not taken into 
account here. 
It is possible to consider the M1 transitions to the third ES 6P3/2 from the 
resonance 6Р5/2 scattering wave 
 
No. 8. 2/3
6
2/5
6 PP  . 
 
The M1 transitions are feasible to the fourth ES 6P7/2 + 
8P7/2 from the resonance 
6Р5/2 + 
8Р5/2 scattering wave 
 
No. 9. 
2/7
8
2/5
8
2/7
6
2/5
6
PP
PP


. 
 
This cross section will be averaged over two transitions, as was given in the case 
of reaction 7. 
Finally, we can consider the M1 transitions to the ninth ES 6P5/2 +
 8P5/2 from the 
resonance 6P5/2 +
 8P5/2 scattering wave, because there are experimental data of Ref. 73 
for this. 
 
No. 10. 
2/5
8
2/5
8
2/5
6
2/5
6
PP
PP


. 
 
This cross section will also be averaged over the two transitions to the ES given here. 
 
3.2. Interaction potentials 
 
For all partial waves of the n10B interaction potentials, i.e., for each partial wave with 
the given L, we used the Gaussian potential of the form of Eq. (9). 
Here, as mentioned before, we will not consider the influence of the first 
resonance at 0.17 MeV in the 6S5/2 wave; therefore, we will use the potential with FSs 
leading to the zero scattering phase 
 
 V0 = 160.5 MeV,   = 0.5 fm
-2. (14) 
 
The 6S5/2 scattering phase shift of this potential at energy up to 1.0 MeV is less than 
0.5º. The same parameters we be used for the 8S7/2 scattering wave, also ignoring the 
resonance. 
The following parameters were obtained for the third resonance state 6Р5/2 + 
8Р5/2 
at 0.475(17) MeV: 
 
 V0 = 106.615 MeV,   = 0.4 fm
-2. (15) 
 
Such potential leads to resonance, i.e., the scattering phase shift equals 90.0º(1), at 
475(1) keV (l.s.) with a width of 193(1) keV (c.m.), which is in good agreement with 
the data of reviews of Refs. 9 and 72. 
For the potential of the pure-by-spin GS of 11B in the n10B channel, where the 
6P3/2 wave is used, the following parameters were obtained: 
 
 V0 = 165.3387295 MeV,   = 0.45 fm
-2. (16) 
 
We have obtained the value of the dimensionless AC = 1.53(1) in the range of 3–10 
fm, the charged radius of 2.44 fm, and the mass radius of 2.39 fm at the binding 
energy of -11.454100 MeV with the accuracy of the finite-difference method (FDM), 
used for the calculation of the binding energy at ε = 10-6 MeV.74 The AC error is 
connected with its averaging over the above-mentioned range of distances. The phase 
shift for such potential decreases smoothly until a value of 179 when the changes 
from zero to 1.0 MeV. The generalized Levinson theorem37 is used for the 
determination of the value of scattering phase shift at zero energy. 
The AC value equal to 1.72 fm-1/2 was obtained in Ref. 75 for the GS of 11B in 
the cluster channel n10B, where the coefficient of neutron identity was assigned (see 
expression 83b in Ref. 76). In this work, a slightly different definition of AC was used,  
 
 L(r) = C∙W-L+1/2(2k0r) (17) 
 
(with the Coulomb parameter  equals zero, in this case), which is different from our 
previous works of Refs. 38 and 39 to the value 02k  that equals 1.19 fm
-1/2 for the 
GS; therefore, the AC value equals 1.44 in the dimensionless form. The improved 
value of 1.82(15) fm-1/2 is given in the latest results for this AC,77 and after re-
computation, it gives 1.52(12) in the dimensionless form and agrees absolutely with 
the value for the GS potential of Eq. (16) obtained here. 
The parameters of the GS potential and any BSs in the considered channel at the 
given number of the bound, allowed or forbidden states in the partial wave, are fixed 
quite unambiguously by the binding energy, the charge radius, and the asymptotic 
constant. The accuracy of the determination of the BS potential parameters is 
connected with the accuracy of the AC, which is usually equal to 10% to 20%. There 
are no another ambiguities in this potential, because the classification of the states 
according to the Young tableaux allows us unambiguously to fix the number of BSs in 
this partial wave, which defines its depth completely, and the width of the potential 
depends wholly on the values of the charge radius and the AC. 
The next parameters were obtained for the parameters of the 6P5/2 + 
8P5/2 potential 
without FSs for the second ES of 11B in the n10B channel with J = 5/2-: 
 
 V0 = 151.61181 MeV,   = 0.45 fm
-2. (18) 
 
This potential leads to the binding energy of -7.0092 MeV at ε = 10-4, which is 
completely coincident with the experimental value9,72 for the charge radius of 2.44 fm, 
and the AC of 1.15(1) at the range of 3–13 fm. 
The next parameters were obtained for the potential without FSs for the third ES 
6Р3/2 pure-by-spin with J
 = 3/2-: 
 
 V0 = 149.70125 MeV,   = 0.55 fm
-2 . (19) 
 
These parameters lead to the binding energy of -6.4338 MeV at ε = 10-4 coinciding with 
the experimental value9,72 for the AC equals 1.10(1) at the range of 3–13 fm, and the 
charge and mass radii are equal to 2.44 fm and 2.41 fm, respectively. The scattering 
phase shift for this potential decreases until 178 at the energy of 1.0 MeV. 
The next parameters were obtained for the 6Р7/2 + 
8Р7/2 potential without FSs for 
the fourth ES of 11B in the n10B channel with J = 7/2-: 
 
 V0 = 143.72353 MeV,   = 0.45 fm
-2. (20) 
 
The binding energy of -4.7112 MeV at ε = 10-4, which absolutely coincides with the 
experimental value9,72 for the charge radius of 2.44 fm, and dimensionless AC equal to 
0.94(1) at the range of 3–15 fm, was obtained with this potential. The scattering phase 
shift for this potential decreases smoothly until 178 at the energy of 1.0 MeV. 
These parameters were obtained for the 6Р5/2 + 
8Р5/2 potential without FSs for the 
ninth ES of 11B in the n10B channel with J = 5/2-: 
 
 V0 = 135.39620 MeV,   = 0.45 fm
-2. (21) 
 
This potential leads to the binding energy of -2.5339 MeV at ε = 10-4, which completely 
coincides with the experimental value9,72 for the charge radius of 2.44 fm, and 
dimensionless AC equal to 0.70(1) at the range of 3–24 fm. The scattering phase shift 
for this potential decreases smoothly until 178 at the energy of 1.0 MeV. 
 
3.3. The total cross section of the radiative neutron capture on 10B 
 
The next experimental data were used for the comparison of the calculation results 
given in Figs. 1 and 2. The black points (●) show the total summed capture cross 
section from Ref. 73 at 23, 40, and 61 keV. The triangle (▲) represents the cross 
section of 500(200) μb from Ref. 78 at the energy of 25 meV, and the open reverse 
triangle () shows the new results for the cross section of 305(16) μb at 25 meV from 
Ref. 79, given in review Ref. 72. It should be noted that other data for 390(11) μb, 
obtained in Ref. 80 and also shown in Figs. 1 and 2 by the open reverse triangle (), 
were published later – reference to these results is also given in review Ref. 72. The 
experimental measurements of Ref. 73 for the transitions to different ESs of 11B are 
shown in Figs. 1 and 2: open circles () represent the total capture cross section to the 
GS 6Р3/2, open squares (□) represent the total capture cross section to the second ES 
6+8Р5/2, black squares (■) represent the total capture cross section to the fourth ES 
6+8Р7/2, and open triangles () represent the total capture cross section to the ninth ES 
6+8Р5/2. Furthermore, in Figs. 3 and 4, only part of these experimental results is given. 
The E1 transition 2/3
6
2/5
6 PS   from the S scattering wave with potential of 
Eq. (14) to the GS with potential of Eq. (16) was considered initially in our 
calculations, and the obtained capture cross section is shown in Fig. 1, represented by 
the short dashed line. The general dashed line shows the capture cross section to the 
second ES for potential of Eq. (18), identified in section 2 as No. 2. The dotted line 
shown at the bottom of Fig. 1 denotes the cross section of the transition 
2/3
6
2/5
6 PS   to the third ES of Eq. (19). The dot-dashed line shows the cross 
section of the transition to the fourth ES of Eq. (20), identified in section 2 as No. 4. 
The dot-dot-dashed line, which is almost superimposed with the dotted line, shows 
the transition from the S scattering waves to the ninth ES with potential of Eq. (21). 
The solid line gives the total summed cross section of all the above considered 
transitions, which largely describes the experimental data for the total summed cross 
sections from Refs. 73 and 78 at the energy range from 25 meV to 61 keV correctly. 
Let us note that in the measurements of Ref. 73 the transition to the third ES is not 
taken into account, and as seen in Fig. 1, this leads to nearly the same cross section of the 
transition to the third ES and the ninth ES – dotted and dot-dot-dashed lines. Therefore, 
probably, it is necessary to add the cross section of the transition to the ninth ES to the 
total cross sections from Ref. 73 to obtain summed cross sections that are more correct, 
and this will be equivalent to taking into account the transition to the third ES. Such cross 
sections are shown in Figs. 1–4 by the open rhombus – this account influences weakly the 
total cross sections, which also agree with the results of our calculations. 
 
10-5 10-4 10-3 10-2 10-1 100 101 102 103
101
102
103
104
105
106
10B(n,)11B
 
En (keV)

 (
b
)
 
Fig. 1. The total cross sections of the radiative neutron capture on 10B. Experimental 
data: black triangle (▲) – the capture cross section at 25 meV from Ref. 78, points (●) – 
the total summed cross section of the neutron capture on 10B from Ref. 73, circles () – 
the total capture cross section to the GS, open squares (□) – the total capture cross 
section to the second ES, black squares (■) – the total capture cross section to the fourth 
ES, and open triangles () – the total capture cross section to the ninth ES from Ref. 73, 
open reversed triangles () – the capture cross section at 25 meV from Refs. 79 and 80, 
open rhombus (◊) – the summed total capture cross section from Ref. 73 taking into 
account the transition to the third ES. Lines: the short dashed line is the cross section of 
the E1 transition 2/3
6
2/5
6 PS   from the S scattering wave with potential of Eq. (14) to 
the GS with potential of Eq. (16), the general dashed line is the capture cross section to 
the second ES of Eq. (18), the dotted line is the capture cross section of the transition 
2/3
6
2/5
6 PS   to the third ES of Eq. (19), the dot-dashed line is the cross section of the 
transition to the fourth ES of Eq. (20), the dot-dot-dashed line is the cross section of the 
transition from the S scattering waves to the ninth ES with potential of Eq. (21), the solid 
line is the total summed cross section of all considered transitions. 
 
As can be seen from the obtained results, the calculated line for the transition 
to the fourth ES is in a good agreement with the given black squares (experimental 
data).73 The good agreement of the calculation, shown by the dot-dot-dashed line, 
can also be observed for the transition to the ninth ES, the experiment for which is 
shown by the open triangles.73 The measurements for the transition to the second 
ES, shown in Fig. 1 by the open squares,73 lie appreciably higher than the 
corresponding calculated line, shown by the dashed line. The measurements of the 
cross section for the transition to the GS, shown by the open circles,73 lie much 
lower than the calculated line, shown by the short dashed line. Thereby, only two 
calculations conform to the experimental results for the transitions to the fourth and 
ninth ESs,73 although the total summed cross sections, shown by the black points or 
rhombus, are described completely by the calculated line – the solid line in Fig. 1. 
Because, we do not know the AC value for the second ES, it is always possible to 
construct the potential correctly describing the capture cross sections to this state, 
shown in Figs. 1 and 2 by the open squares.73 For example, it is possible to use the 
potential with the parameters: 
 
 V0 = 108.37443 MeV,   = 0.3 fm
-2, (22) 
 
which leads to the binding energy of -7.0092 MeV, the charged radius of 2.44 fm, and 
the value of the AC equal to 1.45(1) at the range of 4–13 fm. The calculation results of 
the capture cross sections to this state from the S scattering waves are shown in Fig. 2 
by the dashed line, which is in a quite agreement with the experimental data of Ref. 73 
shown by the open squares. 
At the same time, the other variant of the GS potential that describes the total 
capture cross sections to the GS correctly, shown in Figs. 1 and 2 by the open circles, 
will not agree with the known AC or that given above for the GS. For example, the 
parameters 
 
 V0 = 602.548373 MeV,   = 2.0 fm
-2 (23) 
 
allow one to describe reasonably the available experimental cross section measurements 
of the transition,73 as is shown in Fig. 2 by the short dashed line. However, although this 
potential leads to the correct binding energy of -11.454100 MeV and describes 
reasonably the charged radius of 2.43 fm, the value of the AC is equal to 0.71(1) at the 
range of 2–8 fm, which is half that of the results from other experimental data from 
Refs. 75 and 77. This result can be explained by the imperfection of the MPCM used 
here; however, on such occasions, the MPCM led to the correct description of the cross 
sections both to the transitions to the GS and to the total summed cross section of the 
capture processes of Refs. 38, 39, 58, and 66. Therefore, it could be supposed that the 
experimental measurements for transitions to different ESs of 11B at the radiative 
neutron capture on 10B should be improved in the future; it will also be interesting to 
obtain new data in the range of possible resonances from 100 to 600 keV. 
Reverting to the calculation results given in Fig. 1, we note that at the energies 
from 10 meV to 10 keV, the calculated cross section is almost a straight line, and it 
can be approximated by a simple function of the form: 
 
 
n
ap
E
A
 . (24) 
 
The value of the given constant A = 2123.4694 bkeV1/2 was determined 
from a single point of the cross-sections (solid line in Fig. 1) at a minimal energy of 
10 meV. The absolute value  
 
 ap theor theor( ) = [σ ( ) - σ ( )] / σ ( )M E E E E  (25) 
 
of the relative deviation of the calculated theoretical cross-sections (theor), and the 
approximation of this cross-section (ap) by the expression given above in the 
energy range until 10 keV, is at the level of 0.2%. It is supposed that this form of 
total cross-section dependence on energy will be conserved at lower energies. In 
this case, the estimation of the cross-section value, for example, at the energy of 1 
 keV, gives the value of 67.2 b. The coefficient for the solid line in Fig. 2 in the 
expression of Eq. (24) given above for the approximated calculation results for 
cross sections, is equal to 2150.3488 bkeV1/2. 
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Fig. 2. The total cross sections of the radiative neutron capture on 10B. Experimental data: the 
same as in Fig. 1. Lines: the short dashed line is the cross section of the E1 transition 
2/3
6
2/5
6 PS  from the S scattering wave with potential of Eq. (14) to the GS with potential of 
Eq. (23), the general dashed line is the capture cross section to the second ES of Eq. (22), the 
dotted line is the capture cross section of the transition 2/3
6
2/5
6 PS   to the third ES of Eq. (19), 
the dot-dashed line is the cross section of the transition to the fourth ES of Eq. (20), the dot-dot-
dashed line is the cross section of the transition from the S scattering waves to the ninth ES with 
potential of Eq. (21), the solid line is the total summed cross section of all considered transitions. 
 
Furthermore, the considered M1 transitions to the GS and to the different ESs are 
shown in Fig. 3, together with the summed cross section for the E1 processes, which is 
shown by the dashed line (it is represented by the solid line in Fig. 1). The dotted line 
at the top of the figure shows the cross section of the M1 transition to the GS with 
potential of Eq. (16) from the resonant 6Р5/2 scattering wave for potential of Eq. (15), 
identified in section 3.1 as No. 6. The dot-dashed line it is the transition from the Р5/2 
scattering wave of Eq. (8) to the second ES with potential of Eq. (18), identified in 
section 2 as No. 7. The dot-dot-dashed line shows the cross section of the M1 
transition 2/3
6
2/5
6 PP   to the third ES with potential of Eq. (19) in Fig. 3. 
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Fig. 3. The total cross sections of the radiative neutron capture on 10B. Experimental data: points 
(●) – the total summed cross section of the neutron capture on 10B from Ref. 73, open rhombus 
(◊) – the summed total capture cross section from Ref. 73 taking into account the transition to 
the third ES. Lines: the dashed line is the summed cross section of the E1 transitions, shown in 
Fig. 1 by the solid line, the dotted line gives the cross section of the M1 transition to the GS of 
Eq. (16) from the resonant 6Р5/2 scattering wave for potential of Eq. (15), the dot-dashed line is 
the cross section of the transition from the resonant 6Р5/2 scattering wave to the second ES of 
Eq. (18), the dot-dot-dashed line shows the cross section of the M1 transition 2/3
6
2/5
6 PP   to 
the third ES of Eq. (19), from the S scattering waves to the ninth ES with potential of Eq. (21), 
the short dashed line is the M1 transition to the fourth ES of Eq. (21), the dot-dashed line with 
closely placed dashes shows the ninth ES of Eq. (21), the dotted line with closely placed dots at 
the bottom of the figure shows the M1 transition from the nonresonance 6Р3/2 scattering wave to 
the GS, the solid line shows the sum of the E1 and M1 transitions considered above. 
 
Another possible M1 transition to the fourth ES of Eq. (20), identified in section 
2 as No. 9, has the form of the cross section shown in Fig. 3 by the short dashes. In 
addition, the M1 transition to the ninth ES of Eq. (21) is possible; it is identified in 
section 2 as No. 10, and shown in Fig. 3 by the dot-dashed line with closely placed 
dashes (the third line at the bottom), which lies slightly higher than the short dashed 
line. In addition, the M1 transition to the GS from the nonresonance 6Р3/2 scattering 
wave was considered with the potential of zero depth – the second transition under 
No. 6 in section 2. The result is shown by the dotted line with closely placed dots in 
the bottom of Fig. 3. Its value at the maximum is about 1.5 b and it has practically no 
influence on the calculated cross sections in the range of the resonance at 475 keV, 
almost reaching to 4.5 mb. 
The sum of all the E1 and M1 transitions described above is shown in Fig. 3 by the 
solid line, which gives a suitable description of the given experimental data. The small 
overshoots of the calculated cross sections over the experimental one at 40 and 61 keV 
can be used to argue that the used potential of Eq. (15) leads to the overestimated value of 
the resonance width in the Р5/2 scattering wave of 193 keV. As mentioned before, some 
values for the energy and width of this resonance are given in review Ref. 9, and it will be 
possible to construct new potentials, which will be matched with the width 31 keV, as 
shown in Table 11.11, Ref. 9. The use of such potentials can change the results for the 
resonance cross sections, reducing their influence to the total summed calculated cross 
sections in the energy range 40–60 keV. We will use the resonance potential of the Р5/2 
scattering wave in the form 
 
 V0 = 3555.983 MeV,   = 13.0 fm
-2. (26) 
 
This potential, as before, leads to the resonance at 475 keV, but its width is reduced until 
32 keV (c.m.), in full accordance with the data listed in Table 11.11 of Ref. 9. 
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Fig. 4. The total cross sections of the radiative neutron capture on 10B. Experimental data: the 
same as in Fig. 3. Lines: the dashed line is the capture cross section for the E1 processes shown in 
Fig. 1 by the solid line, the dotted line shows the cross section of the M1 transition to the GS of 
Eq. (16) from the resonance 6Р5/2 scattering wave for potential of Eq. (26), the dot-dashed line is 
the cross section of the transition from the resonance Р5/2 scattering wave of Eq. (26) to the second 
ES with potential of Eq. (18), the solid line shows the total summed cross section. 
 
The calculation results of the total cross sections with potential of Eq. (26) are 
shown in Fig. 4. The dashed line is the summed cross section for the E1 processes, 
shown in Fig. 1 by the solid line. The cross section of the M1 transition to the GS with 
potential of Eq. (16) from the resonance 6Р5/2 scattering wave for potential of Eq. (26) 
is shown by the dotted line, and the dot-dashed line shows the cross section from the 
resonance Р5/2 scattering wave of Eq. (26) to the second ES with potential of Eq. (18). 
The solid line is the summed cross sections for all considered transitions. All other 
transitions shown in Fig. 3 lead to the cross sections that do not provide an essential 
contribution to the total summed cross sections at the resonance energy. As can be 
seen from Fig. 4, the resonance part of the calculated cross section does not really 
change the total summed cross sections at 61 keV, which now are in a good agreement 
with the available experimental data of Ref. 73. 
 
4. Neutron-capture reaction 11B(n, )12B 
 
Furthermore, we will consider the reaction n11B  12B at thermal and astrophysical 
energies in the framework of the MPCM with FSs, which plays a certain role in the 
solar nucleosynthesis reactions.81 In this case the potentials for intercluster interactions 
for scattering processes are constructed on the basis of description of the spectrum 
structure of the resonance states of the n11B system. The intercluster potentials are 
constructed on the basis of description the binding energy of these particles in the final 
nucleus and certain basic characteristics of such states39 for the bound and ground 
states of nuclei, generating as a result of the capture reaction in the cluster channel, 
which coincide with the initial particles. 
 
4.1. Structure of states in the n11B system 
 
In view of absence of the complete tables for the products of Young tableaux for the 
systems with a number of nucleons more than eight,65 the presented below results 
might be consider as the qualitative estimation of the possible orbital symmetries in 
the ground state of 12B for considering the n11B channel. 
At the same time, just basing on such classification we succeeded to reproduce, 
and, what is more important, to explain available experimental data on the radiative 
nucleon capture reactions in channels р13C,82 n14C, and n14N,83 as well as a greater 
number of neutron radiative capture processes.39,66 So, it is reasonable to apply our 
approach basing on the classification of cluster states by orbital symmetry what leads 
to appearing of a number of FSs and ASs in partial two-body potentials, and as a 
consequence relative motion WFs (in present case those refer to the neutron and 11B 
system) have a set of nodes. 
Let us assume the {443} orbital Young tableau for 11B, then within the 1p-shell 
treating of n11B system one has {1}  {443}  {543} + {444} + {4431}.65,69 The first 
tableau in this product is compatible with the orbital momenta L = 1, 2, 3, 4, it is 
forbidden, as no more than four nucleons may be on s-shell. Second tableau is allowed 
and compatible with the orbital momenta L = 0, 2, 4, as for the third one also allowed 
the corresponding momenta are L = 1, 2, 3.69 
It should be noted that even such qualitative analysis of orbital symmetries allow 
to define that there are forbidden states in P and D waves, and no ones in the 3S1 state 
(here the notation (2S+1)LJ is used). Actually, such a structure of FSs and ASs allows 
one to construct two-body interaction potentials required for the calculations of total 
cross sections for the treating reaction. 
Thereby, restricting the problem by the lower partial waves with orbital momenta 
L = 0, 1 and 2, it can be said that for the n11B system (11B in the GS has quantum 
numbers J, Т = 3/2-, 1/2)9 interactive potential for 3S1 wave should include only AS, 
as far as potentials for 3Р waves they should have both AS and FS. The AS, namely 
3Р1, corresponds to the GS of 
12B with quantum numbers J, Т = 1+, 1 with the binding 
energy of -3.370 MeV in the n11B channel.9 Generally speaking, some scattering states 
in the n11B channel, as well as the BS, may be mixed by channel spin S = 1 or 2, but 
here we are assuming the spin states as pure triplet.  
Let us list now excited but bound states in 12B nuclei in n11B channel.9 Notice, 
after the level energy relatively the GS, the energy relatively the threshold of the n11B 
channel is pointed in brackets.  
1. The first ES with J = 2+; 0.95 MeV (-2.4169 MeV). It can be associated with 
triplet the 3P2 wave with the FS.  
2. The second ES with J = 2-; 1.67 MeV (-1.6964 MeV). It can be associated 
with the triplet 3D2 wave with the FS.  
3. The third ES with J = 1-; 2.62 MeV (-0.7492 MeV). It can be associated with 
the triplet 3S1 wave without the FS.  
4. The fourth ES with J = 0+; 2.72 MeV (-0.647 MeV). It can be associated with 
the triplet 3Р0 wave with the FS. 
Notice, if the bound state has a binding energy less than 1 MeV, then one may 
neglect the most strong E1 transition, cause of its minor input to the total cross section. 
Consider now the spectrum of resonance states (RS) in the n11B system,9 i.e., 
states with positive energies. 
1. The first RS at 20.8(5) keV with J = 3- has the width less than 1.4 keV. It can 
be associated with the 3D3 scattering wave with the bound FS. 
2. The second RS at 430(10) keV with J = 2+ has the width of 37(5) keV. It can 
be associated with the 3P2 scattering wave with the bound FS. 
3. The third RS at 1027(11) keV with J = 1- has the width of 9(4) keV. It can be 
associated with the 3S1 scattering wave without the bound FS. 
The third and following resonances lay higher than 1 MeV, so we will not 
consider them. There are no resonance states which may be associated with 3S1 
scattering wave below 1 MeV.9 So, its phase shift is close or equal zero, and as there is 
no FS in this wave, the interaction potential may be regarded zero.39 
Thus, we will consider the following electromagnetic transitions to the GS and 
four ESs: 
 
(a)  
33 1
1 1
ES P  (g)  
33 1
1 0
ES P  
(b)  
3 31
3 2
ED P  (h)  
33 1
2 2
EP D  
(c1)  
33 1
2 1
EP S  (i)  
33 1
2 1
MP P  
(c2)  
33 1
1 1
EP S  (j)  
33 1
2 2
MP P  
(c3)  
33 1
0 1
EP S  (k)  
33 1
1 1
MS S  
(f)  
33 1
1 2
ES P  (l)  
3 31
3 2
MD P  
 
Detailed discussion on each transition will be given in Section 4.3. 
 
4.2. Interaction potentials 
 
The partial n11B interaction potential for each orbital momentum L, total momentum J, 
and parity π as usual is presented in the Gaussian form of Eq. (9). 
For the potential of the resonating 3Р2 wave with one BS, which is forbidden, the 
following parameters have been obtained basing on the 12B spectrum as well as data on 
the elastic scattering in the n11B channel 
 
 V0 = 11806.017 MeV,   = 15.0 fm
-2. (27) 
 
Within this potential the resonance energy level E = 430 keV was obtained and 
its width equals 37 keV, which completely coincide with experimental data of Ref. 9: 
at level energy phase shift turned to be 90.0(1). To calculate the level width basing on 
the phase shift  we used expression Г = 2(d/dE)-1. Energy dependence of the 3Р2 
phase shit is given in Fig. 5. 
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Fig. 5. The elastic scattering 3Р2 phase shift with resonance at 430 keV (solid line); the 
3S1 
phase shift (dashed line). 
 
Let us note, the analysis of resonance scattering bellow 1 MeV when the 
resonance width is about 10–50 keV, and number of BS is given, the interaction 
potential may be defined completely unambiguously. At given number of BSs the 
potential depth is fixed by the resonance energy of the level, and its width is defined 
by the resonance width. 
The parameters error usually is not more than accuracy of the definition of the 
corresponding level and it is about 3–5%. Same remark refers to the reconstruction 
procedure of the partial potentials using scattering phase shifts and information of the 
resonances in spectrum of final nucleus.39,58 However some ambiguity in such 
potential may exist. 
Basing on the given above classification of states in treating system by Young 
tableaux the number of ASs and FSs may be defined only, but definite conclusion 
either AS is bound or not cannot be done. In particular, AS in 3P2 scattering wave 
might not be necessarily bound. So, we consider all FS in scattering waves as bound, 
what allows exclude the pointed ambiguity. 
We propose the following set of parameters for the nonresonance 3Р0 и 
3Р1 
scattering waves with bound FSs: 
 
 V0 = 11000.0 MeV,   = 15.0 fm
-2. (28) 
 
This potential gives scattering phase shits less than 0.5º in the energy region bellow 
1.0 MeV. 
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Fig. 6. The elastic scattering 3D3 phase shift with resonance at 20.9(1) keV. 
 
For the resonating 3D3 wave with FS the following set of potential parameters 
was found: 
 
 V0 = 129.305 MeV,   = 0.1 fm
-2. (29) 
 
Fig. 6 shows corresponding phase shifts with resonance at 20.9(1) keV and width that 
less than 1 keV, what is in excellent coincidence with known data.9 
One should keep in mind, that if potential contains N + M forbidden and allowed 
states, then it obeys to the generic Levinson theorem, and the corresponding phase 
shifts at zero energy should start from  (N + M).37 However, on Figs. 5 and 6 for 
more conventional representation, the results for P and D phase shifts where bound FS 
appear are given from zero, but not from 180º. As far as the S phase shift which has 
the bound AS is given from 180º according Levinson theorem. 
The parameters set for the nonresonance 3D2 and 
3D1 waves with FSs was used  
 
 V0 = 78.0 MeV,   = 0.1 fm
-2. (30) 
 
It led to the values of phase shifts less than 0.1º in the energy region bellow 1.0 MeV. 
Now, let us turn to the description of the constructed for BS potentials, both for 
the GS, and all excited but bound states in the n11B channel. For the ground 3P1 state of 
12B in the n11B channel with FS we found: 
 
 VBS = 3183.6365 MeV,   = 4.0 fm
-2. (31) 
 
This potential allows to obtain the mass radius of Rm = 2.36 fm, charge radius of 
Rch = 2.41 fm, calculated binding energy of -3.3700 MeV (see Ref. 74) coincides 
with experimental value of -3.370 MeV.9 The AC value of 0.43(1) written in the 
dimensionless form of Eq. (10) (see Ref. 51) was obtained over the range 2–14 fm. 
Error of the calculated constant is defined by its averaging over the mentioned above 
distance range. For the mass and charge radii of 11B value of 2.406(29) fm was 
used.84 It seems that 12B radius should not differ greatly from those of 11B and 12С, 
for the latter it is also known and equals 2.4702(22) fm;84 neutron mass radius was 
taken same as the proton one 0.8775(51) fm.56 Note, in scattering channel the 
corresponding phase shift calculated with potential of Eq. (31) smoothly slows down 
to 178 at 1.0 MeV. 
For the AC of 12B in the GS of the n11B cluster channel the numerical value of 
0.245 fm-1 (or 0.495 fm-1/2)75 was obtained with accounting of identity of the nucleons 
(see Eq. 83b in Ref. 76). In Ref. 75 another definition of the AC was used (see 
Eq. (17)), what differs from the used here by a factor 02k  equals 0.88 fm
-1/2  for the 
GS, what gives СW = 0.56. 
We suggest one more set of potential parameters for the GS which reproduces 
given above AC 
 
 VBS = 1606.331 MeV,   = 2.0 fm
-2. (32) 
 
Within this potential we obtained AC = 0.55(1) over the range 2–16 fm, charge and 
mass radii of 2.37 fm and 2.41 fm at the binding energy of -3.3700 MeV obtained with 
the accuracy of 10-4 MeV.74 Scattering phase shift shows same behavior as in case of 
potential of Eq. (31). 
For parameters of the 3P2 potential with FS corresponding to the first ES of 
12B 
(J = 2+) in the n11B channel lying at 0.95 MeV the following values have been found 
 
 VBS = 3174.75797 MeV and  = 4.0 fm
-2. (33) 
 
This potential gives the binding energy of -2.4169 MeV with the accuracy of 
ε = 10-4 quite well coinciding with the experimental value of -2.41686 MeV,9 the charge 
radius of 2.41 fm and the AC = 0.38(1) over the range 2–14 fm. Ref. 75 reported the AC 
values of 0.098 fm-1 or 0.313 fm-1/2, and recalculation to the dimensionless AC with 
02k = 0.81 fm
-1/2 it turned to be equal 0.386 what is in agreement with the AC obtained 
with potential of Eq. (33). Corresponding phase shift smoothly decreases up to 177 at 
1.0 MeV. 
For parameters of the 3D2 potential with FS corresponding to the second ES of 
12B (J = 2-) in the n11B channel lying at 1.67 MeV the following values have been 
found 
 
 VBS = 5187.0744 MeV,   = 4.0 fm
-2. (34) 
 
They give the binding energy of -1.6964 MeV with the accuracy of ε = 10-4, what 
is in very good agreement with the experimental value of -1.69635 MeV (see Ref. 9), 
the charge radius of 2.41 fm and the mass radius of 2.33 fm, the AC = 0.033(1) over 
the range 2–12 fm. The phase shift is equal to 180 in the energy interval from zero up 
to 1.0 MeV. 
It should be noted, this excited state may be associated also with the 5S2 wave 
without FS but with the spin channel S = 2. We do not examine this state here, 
however the corresponding potential was found 
 
 VBS = 279.6746 MeV,   = 4.0 fm
-2. (35) 
 
This potential gives the characteristics of the level very close to those are coming 
from potential of Eq. (34): the binding energy of -1.6964 MeV with the accuracy of 
ε = 10-4, the charge and the mass radii of 2.42 fm and 2.45 fm respectively, but the 
AC = 1.10(1) over the range 2–25 fm. The scattering phase shift is less than 0.1 up to 
1.0 MeV. As it is clear these two options give considerably different values for the 
asymptotic constants. Thus, it is interesting proposal for the experimental 
measurement of AC (for example, as it was done in Ref. 75) with a view to conclude 
either this exited level belongs to the 3D2 or to the 
5S2 waves.  
For parameters of the 3S1 potential without FS corresponding to the third ES of 
12B (J = 1-) in the n11B channel lying at 2.62 MeV the following values have been 
found 
 
 VBS = 266.3015 MeV,   = 4.0 fm
-2. (36) 
 
They give the binding energy of -0.7492 MeV with the accuracy of ε = 10-4, what 
coincides with the experimental value from Ref. 9, the charge radius of 2.43 fm, and 
the AC equals 1.07(1) over the range 2–30 fm. Fig. 5 shows the corresponding phase 
shift (dashed line). 
For parameters of the 3P0 potential with FS corresponding to the fourth ES of 
12B 
(J = 0+) in the n11B channel the following values have been found 
 
 VBS = 3156.9385 MeV,   = 4.0 fm
-2. (37) 
 
It gives the binding energy of -0.6470 MeV with the accuracy of ε = 10-4, what 
coincides with experimental value from Ref. 9, the charge radius 2.41 fm, and the 
AC = 0.25(1) over the range 2–24 fm. In the energy interval from zero up to 1.0 MeV 
corresponding phase shift is decreasing up to 175. 
 
4.3. The total cross section of the radiative neutron capture on 11B 
 
First, the most strong dipole electric Е1 transition 
33 1
1 1
ES P  to the GS, i.e., the (n, γ0) 
process, was treated with zero potential for the scattering 3S1 wave and set of Eq. (31) for 
the final nucleus. The corresponding cross section is given in Fig. 7 by the solid line. It is 
seen that within this potential experimental data at 25 meV (closed triangles) and in the 
energy range 23–61 keV (open circles) have been reproduced reasonably well. 
For comparison in Fig. 7 by the dashed line similar results for the (n, γ0) process 
are given being obtained with the GS potential of Eq. (32), which gives the AC of 0.55 
what coincides with the results of Ref. 75. In this case calculated cross sections more or 
less describe within the error bars experimental points at 23–61 keV, but fail in 
description of the crucial point at 25 meV.73,79 Therefore, we concluded that the GS 
potential of Eq. (31) is more appropriate one for study of the (n, γ0) cross section – its 
parameters were varied exclusively for correct description of the cross section for 25 
meV.79 With the same parameters, without any additional variations or adjustments, the 
measurements data for the transition to the GS at the energy range 23–61 keV were 
obtained.73 In other words, just the GS potential of Eq. (31), because the 3S1 potential 
equals zero, completely determines the slope and location of the line in Fig. 7, shown 
the calculated cross section of the 3S1 → 
3P1 transition. Difference in AC of Ref. 75 and 
those calculated with potential of Eq. (31) is not very considerable. Note, Ref. 75 was 
published 35 years ago, so it seems reasonable to refine a value of AC in the future. 
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Fig. 7. The total cross sections of the 11B(n, γ0)
12B reaction. Experimental data: ▲ – 
Ref. 79,  – Ref. 73. Lines correspond to the calculation of the total cross sections for the 
transitions to the GS with potentials given in Sect. 4: potential of Eq. (31) – solid line; 
potential of Eq. (32) – dashed line. 
 
Let us turn now to analysis of the total cross sections of 11B(n, γ)12B reaction in the 
energy range 1–1000 keV and pay special attention to the signature of the resonances at 
21 and 430 keV. In Fig. 8 we compare the available experimental data and present 
calculations with account of E1 transition amplitudes (a)-(g) listed in Sect. 4.1. 
On the background of 
33 1
1 1
ES P  transition to the GS (long dashes) fist 
resonance appears at 20.8 keV due to 
3 31
3 2
ED P  transition from the resonating 3D3 
wave to the first ES 3P2 (dot dashed line). For completeness let us remark that similar 
transitions from nonresonance 3D2 and 
3D1 waves led to the cross sections less than 10
-
3 b at 1.0 MeV according our calculations, so they give minor input on the whole.  
Transition 
33 1
2 1
EP S  to the third 3S1 ES from the resonating 
3Р2 scattering 
wave is leading to the cross section at 430 keV higher than 1mb (dot curve in Fig. 8). 
Input of nonresonance partial cross sections 
33 1
1 1
EP S  and 
33 1
0 1
EP S  is not 
essential (dot-dot-dashed line in Fig. 8). 
Partial cross section corresponding to the 
33 1
1 2
ES P  transition to the first ES 
(densely dots) is parallel to the line conforming to the 
33 1
1 1
ES P  transition to the 
GS, and transition to the fourth ES 
33 1
1 0
ES P  have been also calculated, but as it 
seen in Fig. 8 (short dashed line) it is practically insignificant. 
Finally, the total sum of partial cross sections is shown by the solid line in Fig. 8. 
Experimental data for the transitions to the GS are taken from Ref. 73 (open circles), 
and data for the sum of partial cross sections are taken from Refs. 73, 85, and 86. 
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Fig. 8. The total cross sections of the 11B(n, γ)12B reaction in the energy range 1–1000 keV. 
including (a)–(g) amplitudes. Experimental data: ▼ – transition to the second ES lying at -
1.6964 MeV, Ref. 73; ● – Ref. 85; □ – sum of partial cross sections from Ref. 73;  – Ref. 86; 
 – capture to the GS, Ref. 73. Commentaries for the calculated lines are given in the text. 
 
Let us present another to somewhat extent alternative treatment of 11B(n, γ)12B 
reaction in the energy range 1–1000 keV illustrated by Fig. 9. There transitions (a), 
(b), and (f) are preserved with same notations as in Fig. 8. Additional transitions (h) -
 (l) have been examined. So, instead of the process (c1)
33 1
2 1
EP S  transition 
(h)
33 1
2 2
EP D  was taken into account (dotted line in Fig. 9). Solid line is the result 
of the summation of all mentioned partial cross sections. 
In Fig. 9 the transition 
33 1
2 1
MP P  which contributes to the energy resonance 
region at 430 keV is shown by densely dashes, and gives 77.5 b in maximum. For 
comparison our estimations for M1 capture from 3Р1 and 
3Р0 waves with potentials of 
Eq. (28) give 10-2 b what is negligibly small. 
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Fig. 9. The total cross sections of the 11B(n, γ)12B reaction in the energy range 1–1000 keV. 
including (h)–(l) amplitudes. Experimental data: ▼ – transition to the second ES lying at -
1.6964 MeV, Ref. 73; ● – Ref. 85; □ – sum of partial cross sections from Ref. 73;  – 
Ref. 86;  – capture to the GS, Ref. 73. Commentaries for the calculated curves are given in 
the text. 
 
One more resonating transition 
33 1
2 2
MP P  is observed in the region of 430 
keV with value for the cross section 98 b, what is in sum with the last transition 
amount less than 10% comparing the treated above E1 process 
33 1
2 2
EP D . 
We included also in consideration the 
33 1
1 1
MS S  process (dot-dot-dashed line 
in Fig. 9) and found it to be near order less comparing the cross section of E1 
transition from the same scattering wave to the GS. 
Resonating capture 
3 31
3 2
MD P  cross section is near 5 b and does not change 
the picture at the resonance energy 20.8 keV, as the E1 process (b) gives for the 
corresponding cross section a value equals to 144 b. In addition all М1 transitions 
from the nonresonance 3D scattering waves to the second ES 3D2 have been evaluated 
and turned to be less than 10-5 b.  
Summarizing the results of Section 5, we may conclude that according Fig. 7 that 
cross sections at 25 meV and 23–61 keV corresponding to the transitions onto the GS 
have been reproduced well and fit experimental data (Refs. 73 and 79). Same 
statement valid for the cross sections at 21 and 430 keV resonances, but as Fig. 8 
shows in the nonresonance energy region experimental data of Ref. 85 are order of 
magnitude greater than the calculated ones. There it should be noted, that as AC (this 
is input information for the construction of interaction potentials) are known for the 
GS and the first ES only, then results obtained for the second, third, and fourth excited 
states might be regarded as preliminary ones. Moreover, all experimental 
investigations on this channel (Refs. 73, 85 and 86) were performed in 60-ies of the 
last century and, apparently, to be specified. 
Finally, let us indicate one important predictive opportunity of developed here 
approach (see also Refs. 73, 85 and 86). As the calculated cross-section is practically 
the straight line in the energy range from 10 meV to 10 keV (see solid line in Fig. 7), 
then it may be approximated by the simple function of the form of Eq. (24). The given 
constant value A = 33.8364 b·keV 1/2 has been defined over one point in the cross-
sections at the minimal energy equals 10 meV.  
Relative modulus deviation of Eq. (25) of the calculated theoretical cross-section 
(theor) and approximation of this cross-section by the given above function (ap) at the 
energies up to 10 keV is about 0.3%. If it is assumed, that this form of the energy 
dependence of the total cross-section will be also conserved at lower energies, then 
one may estimate the cross-section value which, for example, at the energy of 1 eV is 
equal to 1.1 barn. 
 
5. Proton-capture reaction 11B(p, )12C 
 
5.1. Structure of states in the p11B system 
 
In view of absence of the complete tables for the products of Young tableaux for 
systems with a number of nucleons more than eight,65 the presented below results 
might be consider as the qualitative estimation of the possible orbital symmetries in 
the GS of 12C in the p11B cluster channel. 
At the same time, just basing on such classification we succeeded to reproduce, 
and, what is more important, to explain available experimental data on the radiative 
nucleon capture reactions in the р12C (see Ref. 38) and р13C (see Ref. 82) channels. So, 
it is reasonable to apply our approach basing on the classification of cluster states by 
orbital symmetry what leads to appearing of a number of FSs and ASs in partial two-
body potentials, and as a consequence relative motion WFs (in present case those refer 
to the proton and the 11B system) have a set of nodes. 
Let us assume the {443} orbital Young tableau for 11B, then within the 1p-shell 
treating of the p11B system one has {1}  {443}  {543} + {444} + {4431}.65 The 
first tableau in this product is compatible with the orbital momenta L = 1, 2, 3, 4, it is 
forbidden, as no more than four nucleons may be on s-shell. The second tableau is 
allowed and compatible with the orbital momenta L = 0, 2, 4, as for the third one also 
allowed the corresponding momenta are L = 1, 2, 3.69 
It should be noted that even such qualitative analysis of orbital symmetries allow 
one to define that there are forbidden states in the P and D waves, and no ones in the S 
state. Actually, such a structure of FSs and ASs allows one to construct two-body 
interaction potentials required for the calculations of total cross sections for the 
treating reaction. 
Thereby, just restricting by the lowest partial waves with orbital angular 
moments L = 0 and 1 one may state that for the p11B system (11B in the GS has 
quantum numbers J, Т = 3/2-, 1/2)9 the 3S1 potential (here the notation 
(2S+1)LJ is used) 
has the AS only, which may be not bound and lay in continuous spectrum, as far as FS 
it is absent. Each of 3Р waves has bound forbidden and allowed state. One of them 
corresponds to the 3Р0 GS of 
12C with quantum numbers J, Т = 0+, 0 and the binding 
energy of -15.9572 MeV in the p11B channel.9 Others triplet 3Р states have bound FSs, 
but may also have ASs in continuous spectrum. Besides, there is mixture by spins 
S = 1 and 2 may also appear both in scattering and bound states in the p11B system. 
Besides, the GS let us treat two more resonance states appearing in the p11B 
system at positive energies: 
1. First resonance state appears at 162 keV (l.s.) or 148.6(4) keV in c.m. and has 
a width less than 5.3(2) keV in c.m., and quantum numbers J = 2+ (Tables 12.11 and 
12.6 in Ref. 9). It corresponds to 16.1058(7) MeV level in 12C and may be compare to 
mixed in spin 3+5P2 wave with FS. 
2. Second resonance state appearing at 675 keV (l.s.) has the width 300 keV in 
c.m. and quantum numbers J = 2-.9 It corresponds to the level with 16.576 MeV and 
might be associated with 5S2 scattering wave without FS. 
The next resonance is at 1.388 MeV, i.e., higher than 1 MeV, so it will not be 
considered. In the spectrum of 12C below 1 MeV there are no resonance levels which 
may be correlated to the 3S or 5S scattering resonances.9 That is why the corresponding 
phase shifts may be taken close to zero. There are no FS in the S wave, so the 
potentials for both spin channels S = 1 and S = 2 may be regarded zero also.39 Thus, 
the minimum set of electromagnetic transitions to the GS will be considered in order to 
reproduce the energy dependence of the measured total cross sections. 
So far as the GS of 12C is the 3Р0 level it is actual to include in consideration 
dipole electric Е1 transition from the nonresonance 3S1 scattering wave with zero 
interaction potential to the GS: 
 
1. 0
3
1
3 PS  .  
 
Besides, the Е2 transition from the triplet part of the 3P2 scattering wave to the 
GS also should be evaluated as it has the resonance at 162 keV: 
 
2. .0
3
2
3 PP   
 
There are a lot of details on the methods of calculation of cross sections in the 
framework of MPCM,38,39,49,52,53 so we are dropping this part here. Same concerns the 
methods of construction of two-body interaction cluster potentials at the given orbital 
momentum L, so we refer to Refs. 38, 39 and 58. 
 
5.2. Interaction potentials 
 
Let us now give the corresponding parameters for the GS and two resonating states of 
12C presented as the p11B system. For all p11B potentials the Gaussian form of Eq. (9) 
was used. The following parameters have been found for the resonating 3+5Р2 wave 
with FS and J = 2+ 
 
 V0 = 24.38058 MeV,   = 0.025 fm
-2. (38) 
 
Within this potential the resonance energy level of E = 162.0(1) keV (l.s.) and its 
width equals 0.8(1) keV (c.m.), which, in general, coincide with the experimental data 
of Ref. 9 (it should be noted that this ref. gives the proton width of this level of 
0.0217(18) keV (l.s.) data have been reproduced exactly: at level energy phase shift 
turned to be 90.0(1). To calculate the level width basing on the phase shift we used 
expression Г = 2(d/dE)-1. The energy dependence of the 3+5Р2 phase shift is given in 
Fig. 10. 
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Fig. 10. The p11B elastic scattering 5Р2 phase shift with the resonance at 162 keV.  
 
One should keep in mind, that if potential contains N + M forbidden and allowed 
states, then it obeys to the generic Levinson theorem,37 and the corresponding phase 
shifts at zero energy should start from ∙(N + M) or from 180º in present case as the FS 
is bound, but the AS is not.  
However, in Fig. 10 for more conventional representation, the results for 3+5Р2 phase 
shifts are given from zero, but not from 180º. Let us note, that using model does not allow 
to separate 3Р and 5Р parts of such a potential, and that is why the Р2 potential with spin 
mixture has been obtained. Further down we are going to use the potential of Eq. (38) 
both for 3Р2 and 
5Р2 scattering states in the calculations of М1 or ЕJ transitions. 
Let us note, the analysis of resonance scattering bellow 1 MeV, when the number 
of BS is given, the interaction potential may be defined completely unambiguously. At 
the given number of BSs the potential depth is fixed by the resonance energy of the 
level, and its width is defined by the resonance width. The parameters error usually not 
more than accuracy of the definition of the corresponding level and it is about 3–5%. 
Same remark refers to the reconstruction procedure of the partial potentials using 
scattering phase shifts and information of the resonances in spectrum of final nucleus.39 
For the nonresonance 3Р0 and 
3+5Р1 scattering waves with FSs the following 
parameters are suggested 
 
 V0 = 60.0 MeV,  = 0.1 fm
-2. (39) 
 
This potential leads to the phase shifts close to 180(1)º in the energy range from 
zero up to 1.0 MeV and has one bound FS. 
The interaction potential of the nonresonance process may be also performed 
unambiguously basing on the data for the scattering phase shifts and number of the 
allowed and forbidden states in the bound channels. The accuracy of the definition 
of the potential parameters depends on the accuracy of the corresponding phase 
shifts extracted from the scattering data and may be of 20–30%. But such a 
potential has no ambiguities as its depth is fixed by the number of BSs coming 
from the classification by Young tableaux, and its width is defined by the phase 
shifts shape. 
While constructing the nonresonance scattering potential basing on the data 
for the nuclear energy spectra it is much more difficult to estimate the accuracy of 
its parameters definition even when the number of BSs is fixed. Usually such a 
potential should give the scattering phase shift close to zero bellow 1 MeV, or 
should give smoothly drop shape of the phase, because there are no resonance 
levels in the nucleus spectrum.39 
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Fig. 11. The p11B elastic scattering 5S2 phase shift with the resonance at 675 keV. 
 
For the resonating 5S2 scattering wave without FS with J = 2
- the following 
parameters are suggested: 
 
 V0 = 10.9256 MeV,   = 0.08 fm
-2, (40) 
 
which lead to the phase shifts presented in Fig. 11. This potential reveals the resonance 
at 675(1) keV (l.s.) with the width of 289(1) keV (c.m.) what is in agreement of data in 
Ref. 9, especially if keep in mind that given their value for the proton width is 150 keV 
(l.s.) 
For the potential corresponding to the 3P0 GS of 
12C with FS in the p11B cluster 
channel the following parameters were found: 
 
 V0 = 142.21387 MeV,  = 0.1 fm
-2. (41)  
 
This potential allows to obtain the mass radius of Rm = 2.51 fm, the charge radius of 
Rch = 2.59 fm, the calculated binding energy of -15.95720 MeV with an accuracy of 
ε = 10-5 MeV.74 For the AC written in the dimensionless form of Eq. (10) (see Ref. 51) 
value of 23.9(2) was obtained over the range 7–13 fm. Error of the calculated constant 
is defined by its averaging over the mentioned above distance range. The value of the 
mass and charge radii of 11B equals 2.406(29) fm (see Ref. 84) was used, the radius of 
12C was taken as 2.4702(22) fm, the charge and mass proton radius is equal to 
0.8775(51) fm.87 
Scattering phase shift for such a potential does not exceed 0.1 at 1.0 MeV. As 
there is no any information on the AC in the p11B channel in the GS potential of 
Eq. (41) was constructed basing on the demands of reproducing of the nonresonance 
part of the total cross sections exclusively. It is clear that we should take into account 
the corresponding error bars, so in this very case the accuracy for the parameter 
definition pretends onto 10% near. Let us emphasized, that in discussed case no 
independent data on ACs have been found. 
 
5.3. Total cross sections 
 
First, the dipole electric Е1 transition 0
3
1
3 PS   was treated when capture occurs from 
the 3S1 scattering wave with zero interaction central potential to the GS 
3Р0 state 
constructed with potential of Eq. (41). The calculated cross section is given by the 
dashed line in Fig. 12 in the energy range 50 keV–1.5 MeV. It fits well the 
nonresonance part of experimental data from Refs. 7, 88, 89, and 90 known in the 
range 80–1500 keV. 
Second, the quadrupole electric Е2 transition from the resonating 3Р2 wave at 162 
keV to the GS was calculated. The sum of these two partial cross sections is shown by 
the solid line in Fig. 12, and well reproducing of the experimental data is obviously 
seen. At a time, it should be noted that calculated value of the cross section at the 
resonance energy of 162 keV equals 101 b  is essentially higher the measured one 
equals 5.5 b . However, experimental data have been obtained at 163 keV, and as the 
resonance has very narrow width then the energy change even within one keV may 
lead to such an essential difference.  
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Fig. 12. The total cross sections of the proton radiative capture on 11Ве to the GS in the 
energy range 50–1.5 103 keV. Experiment: black triangles (▲) – Ref. 88, dots (●) – Ref. 7, 
open squares (□) – sum of cross sections from Ref. 90, black squares (■) – Ref. 89.  
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Fig. 13. The astrophysical S-factor of the proton radiative capture on 11Ве to the GS in the 
energy range 50–1.5 103 keV. Experiment: black triangles (▲) – Ref. 88, dots (●) – Ref. 7, 
open squares (□) –Ref. 90, black squares (■) – Ref. 89. 
 
Note, that calculated cross section at 163 keV turned to be equal 20 μb what is 
higher comparing the experimental value also. Meanwhile, the width of potential of 
Eq. (38) that equals 0.8 keV is considerably larger the proton width of 0.02 keV from 
Ref. 9. Possibly this mismatch in resonance widths reveals in a rate of decreasing of 
the calculated cross sections. 
Corresponding results for the astrophysical S-factor are presented in Fig. 13. 
Experimental data for the S-factor have been recalculated from the total cross sections 
with using of the exact mass values of point-like particles. Let us remark, that below 
100 keV the S-factor is practically constant and has a value of 3.5(1) keV b in average. 
Situation with the resonant behavior of the astrophysical factor is completely 
analogous what corresponding cross sections reveal. It should be noted that it is not 
feasible yet to obtain a potential with the width of 0.02 keV. At a time, it is reasonable 
to encourage experimentalists for new measurements of this channel basing on the 
modern methods, as the majority of available data refer to 50-60ies.  
 
6. Proton-capture reaction 14C(p, )15N 
 
6.1. Structure of states in the p14C system 
 
Going to the analysis of the cluster states in the N14A system with the formation of the 
nuclei 15N or 15O in the GS, let us note that the classification of the orbital states of 14C 
in the n13C channel or 14N in the p13C channel according to Young tableaux was 
considered by us earlier in Refs. 50, 58, 66, 91, 92, 93, 94 and 95. We regard the results 
of the classification of the GSs of 15O and 15N by orbital symmetry in the considered 
channels as qualitative, because there are no complete tables of Young tableaux 
productions for systems with more than eight nucleons,65 which have been used in earlier 
similar calculations.38,39,96 At the same time, simply based on such a classification, we 
succeeded in describing the available experimental data on the radiative capture of 
neutrons on 13C, 14C and 14N,50,58,66,91 and also capture of protons on 13C.92 This is why 
the classification procedure by orbital symmetry given above was used here for the 
determination of the number of FSs and ASs in partial intercluster potentials and, 
consequently, to the specified number of nodes of the WFs of the relative motion of 
the clusters. 
Furthermore, we will suppose that for 14А it is possible to assume the orbital 
Young tableau in the form {4442};50,58,66,67,91,92 therefore, for the N14А system, we have 
{1}  {4442}  {5442} + {4443} in the frame of 1р-shell.65,69 The first of the 
obtained tableaux is compatible with orbital moments L = 0, and 2, and is forbidden 
because it contains five nucleons in the s-shell. The second tableau is allowed and is 
compatible with orbital moments L = 1.69 As mentioned before, the absence of tables of 
Young tableaux productions for when the number of particles is 14 and 15 prevents the 
exact classification of the cluster states in the considered system of particles. However, 
qualitative estimations of the possible Young tableaux for orbital states allow us to 
detect the existence of the FS in the 2S wave and the absence of FS for the 2Р states. The 
same structure of FSs and ASs in the different partial waves allows us to construct the 
potentials of intercluster interactions required for the calculations of the astrophysical S-
factors, in this case for the proton radiative capture reaction on 14C. 
Thus, by limiting our consideration to only the lowest partial waves with orbital 
moments L = 0, and 1, it could be said that for the n14C system (for 14C it is known 
J,Т = 0+,1), the forbidden and allowed states exist in the 2S1/2 wave potential. The last of 
them corresponds to the GS of 15C with J = 1/2+ and is at the binding energy of the n14C 
system of -1.21809 MeV (c.m.).97 At the same time the potentials of the 2Р waves of 
elastic scattering do not have FSs. Considering the p14C system let us note that there is 
the FS in the potential of the 2S1/2 wave, and in the 
2P1/2 wave there is only AS which 
corresponds to the GS of 15N with J = 1/2- and is at the binding energy of the p14C 
system of -10.2074 MeV.97 
In the case of the n14N system (for 14N we have J,Т = 1+0) there is the bound FS 
in the potentials of the S scattering wave, and the 2Р1/2 wave has only the AS, which 
corresponds to the GS of 15N with J = 1/2- and is at the binding energy of the n14N 
system of -10.8333 MeV.97 For the p14N system we obtain the similar results – there is 
the FS in the potentials of the S scattering wave, and the 2Р1/2 wave has only the AS, 
which corresponds to the GS of 15O with J = 1/2- and is at the binding energy of the 
p14N system of -7.2971 MeV.97 
Now let us consider the whole spectrum of resonance states in the p14C system, i.e., 
states at positive energies. There are no resonance levels at the energies lower than 1 MeV 
in the spectra of 15N for the p14C channel, which would have the width value more than 1 
keV, however at 1.5 MeV (l.s.) the very wide resonance at Jπ = 1/2+ with the width of 405 
keV in c.m. is observed. Furthermore, the 2S1/2 potential with the FS that describes this 
resonance will be constructed, and the potentials of the 2Р scattering waves can be 
equalized to zero, because they have no FSs. As it was mentioned before, the GS of 15N in 
the p14C channel is the 2Р1/2 wave, therefore it is possible to consider the E1 transition 
from the resonance 2S1/2 scattering wave at 1.5 MeV to the doublet 
2P1/2 GS of 
15N: 
 
1. 2/1
2
2/1
2 PS  . 
 
The M1 transitions to the GS from the doublet 2P scattering waves, which 
potentials simply equal to zero, are possible in principle 
 
2. 
2/1
2
2/3
2
2/1
2
2/1
2
PP
PP

  
 
And also the E1 transition from the 2D3/2 wave to the 
2P1/2 GS 
 
3. 2/1
2
2/3
2 PD  . 
 
However, as it was obtained later as a result of our calculations, the transitions 2 
and 3, in comparison with the process 1, lead to very small cross sections and they are 
not taken into account in future calculations. 
At first, carry out the standard phase shift analysis of the differential cross 
sections of the elastic p14C scattering, because all intercluster potentials for describing 
of the proton radiative capture process on 14C will be based on the phase shifts of the 
elastic p14C scattering. 
 
6.2. Phase shifts and potentials of the elastic scattering 
 
The excitation functions from Ref. 98, measured at 90, 125, 141 and 165 in the 
energy range from 0.6 to 2.3 MeV (l.s.), are shown in Figs. 14a,b,c,d by dots. These 
data are used by us further for carrying out of the phase shift analysis and extracting of 
the resonance form of the 2S1/2 scattering phase at 1.5 MeV. The results of the present 
analysis are shown in Figs. 15a,b,c,d by dots, and the solid lines in Fig. 14 show cross 
sections calculated with the obtained scattering phase shifts. About 120 first points, 
cited in Ref. 98, in the stated above energy range were used in this analysis. In 
addition, it was obtained that for description of the cross sections in the excitation 
functions, at least at the energies up to 2.2–2.3 MeV, there is no need to take into 
account 2P or 2D scattering waves, i.e., their values simply can be equalized to zero. 
Since only one point in the cross sections of excitation functions is considered for each 
energy and angle, therefore the value of 2 at all energies and angles usually lays at the 
level 10-2–10-10 and taking into account another partial scattering phase shifts already 
does not lead to its decrease. 
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Figs. 14a,b,c,d. The excitation functions in the elastic p14C scattering in the range of the 2S1/2 
resonance.98 The solid line – their approximation on the basis of the obtained scattering phase 
shifts. 
 
The resonance energy, as it is seen in Fig. 15, obtained from the excitation 
function at 90 is at the interval of 1535–1562 keV for which the phase shift value lays 
within limits of 87–93 with the value of 90 at 1554 keV. The resonance energy 
obtained from the excitation function at 125 is at the interval of 1551–1575 keV for 
which the phase shift value lays within limits of 84–93. The resonance energy 
obtained from the excitation function at 141 is at the interval of 1534–1611 keV for 
which the phase shift value lays within limits of 84–90 with the value of 90 at 1534, 
1564 and 1611 keV. The resonance energy obtained from the excitation function at 
165 is at the interval of 1544–1563 keV for which the phase shift value lays within 
limits of 87–91. For so noticeable scatter of values, it can be said only that the 
resonance value lays within limits of 1534–1611 that is, in general, agree with data of 
Ref. 97, where the resonance energy value of 1509 keV is given. 
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Figs. 15a,b,c,d. The 2S1/2 elastic phase shift of the p
14C scattering at low energies, obtained on 
the basis of the excitation functions, shown in Figs. 14a,b,c,d. Points – results of our phase 
shift analysis, carried out on the basis of data from Ref. 98, lines – calculation of the phase 
shift with the potentials given in the text. 
 
Let us note that work of Ref. 98 mentions that the detailed analysis of the 
resonances, including 1.5 MeV, was not carried out, because it was done earlier in 
works of Refs. 99 and 100 on the basis of the proton capture reaction on 14C. Here, as 
one can see from the results of the phase shift analysis, the resonance energy at 1.5 
MeV slightly overestimated. However, as it was seen in Fig. 14, the data spread on 
cross sections in excitation functions is too large for clear conclusion about the energy 
of the resonance. Apparently, the additional and more modern measurements of the 
elastic scattering cross sections are required, in order to on the basis of these data to 
perform more unambiguous conclusion about the resonance energy at 1.5 MeV. 
For description of the obtained 2S1/2 scattering phase in the phase shift analysis it 
is possible to use simple Gaussian potential of the form of Eq. (9) with FSs and 
parameters 
 
 V0 = 5037.0 MeV,   = 12.0 fm
-2, (42) 
 
which leads to the scattering phase shifts with the resonance at 1500 keV (l.s.) and 
with the width of 530 keV (c.m.) that is in a good agreement with the available 
experimental data of Ref. 97. The parameters of this potential were matched to 
reproduce in general the resonance data exactly from Ref. 97, which were obtained in 
works of Refs. 99 and 100. The phase shift of this potential is shown in Figs. 15a,b,c,d 
by the solid lines and at the resonance energy reaches the value of 90(1). The energy 
behavior of the scattering phase shift of this potential correctly describes obtained in 
the phase shift analysis scattering phases in whole, taking into account the shift of the 
resonance energy approximately at 30–50 keV relative to results of Ref. 97. The 
calculated phase shift line for this potential is parallel to points, obtained in our phase 
shift analysis, for all scattering angles. 
For more accurate description of the obtained in the phase shift analysis data the 
next potential is needed 
 
 V0 = 5035.5 MeV,   = 12.0 fm
-2. (43) 
 
It leads to the resonance energy of 1550 keV, its width of 575 keV, and the calculation 
results of the 2S1/2 phase shift are shown in all Figs. 15 by the dashed line. As one can 
see this line appreciably better reproduce results of the carried out here phase shift 
analysis. 
It should be noted over again that the potential is constructed completely 
unambiguously, if the number of FSs is given (in this case, it is equal to unit), 
according to the known energy of the resonance level in spectra of any nucleus97 and 
its width. In other words, it is not possible to find another combination of the 
parameters V and , which could be possible to describe the resonance energy of level 
and its width correctly. The depth of such potential unambiguously determines the 
resonance location, i.e., resonance energy of the level, and its width  specifies the 
certain width of this resonance state, which have to correspond to experimental 
observable values.97 
For the 2Р1/2 GS potential of 
15N without FSs in the cluster p14C channel the 
following parameters were found: 
 
 V0 = 221.529718 MeV,   = 0.6 fm
-2. (44) 
 
It allows to find the value of Rm = 2.52 fm for the mass radius, the value of Rch = 2.47 
fm for the charge radius, the binding energy of -10.207400 MeV at the accuracy of the 
FDM74 of 10-6 MeV. The phase shift of such potential decreases smoothly and at 2 
MeV approximately equals 179, and for the AC in the dimensionless form of Eq. (10) 
(see Ref. 51), the value of 1.80(1) was obtained at the distance interval 3–10 fm. The 
mentioned AC error is obtained by its averaging over the given distance interval. The 
value of 2.56(5) fm (see Ref. 97) was used for radius of 14C, for radius of 15N it is 
known the value of 2.612(9),97 the proton radius is equal to 0.8775(51).87 Note once 
more that we failed in finding AC data in this channel, obtained in another works by 
independent methods. 
 
6.3. The total capture cross sections 
 
Going to the description of the obtained results, let us note that the experimental data 
for total cross section of the proton radiative capture on 14C to the GS of 15N or for the 
astrophysical S-factor were measured in Ref. 14 for the energy range 260-740 keV – 
these results are shown by squares in Figs. 16 and 17 and in numerical form were 
taken by us from the data base of Ref. 101. The capture cross section to the GS with 
potential of Eq. (44) for the E1 transition from the resonance 2S scattering wave with 
potential of Eq. (42) was considered for their description. The calculation results of the 
total cross section and the astrophysical S-factor are shown in Figs. 16 and 17 by the 
solid lines, respectively. They practically completely describe the experimental data at 
all measured in Ref. 14 energies. Meanwhile, it is good to see that in Fig. 17 the 
calculated line is in the band of experimental errors and ambiguities of available 
measurements.14 
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Fig. 16. The total cross section of the proton capture on 14C to the GS of 15N. The 
experimental data are from Ref. 14. 
 
It should be noted here that if scattering potential of Eq. (42) was constructed 
exclusively based on the characteristics of the resonance at 1.5 MeV, then because of 
the absence of the AC value in the p14C channel the GS potential of Eq. (44) is 
determined so that to describe available experimental data of the total capture cross 
sections14 to the best advantage. However, this potential leads to the quite reasonable 
radius value of 15N, and the AC value obtained with it could be used further for 
comparison with the results of other works. Moreover, the studies of such capture 
reactions in the used model allow one to extract the AC value, though its accuracy 
hardly exceeds 10-20%. 
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Fig. 17. The astrophysical S-factor of the proton capture on 14C to the GS of 15N. The 
experimental data are from work Ref. 14. 
 
The calculated values of the S-factor at the resonance energy also can be used in 
future for comparison with modern measurements of this reaction. But the 
measurement spread on the S-factor14 and the experimental errors of these 
measurements, for example, in the range 258-260 keV reach 30%. Therefore, the 
calculation accuracy of the maximum S-factor value, which in these calculations 
equals 81-82 keV b at Ep = 1390 keV, will be approximately the same, although the 
phase shift resonance of potential of Eq. (42) is at 1500 keV. The value of the 
calculated S-factor remains almost constant and equals 4.5(1) keV b in the region of 
low energies, notably 100-140 keV. Apparently, just that very value can be considered 
as the S-factor at zero energy for the considered here proton radiative capture reaction 
on 14C. 
 
7. Proton-capture reaction 15N(p, )16O 
 
7.1. Structure of states in the p15N system 
 
At first note that the classification of the orbital states of 15N according to Young 
tableaux was qualitatively considered in Refs. 38, 39, 67, 68, 95, 96, and 102. 
Therefore, we have {1}  {4443}  {5443} + {4444} for the p15N system in the frame 
of 1p-shell.69 The first of the obtained tableaux compatible with the orbital moment 
L = 1 and is forbidden as it contains five cells in the first row,69 and the second tableau is 
allowed and compatible with the orbital moment L = 0.69 Thereby, if to limit by the 
consideration of only lowest partial waves with orbital moment, it could be said that 
there is bound forbidden state in the P wave potential, and the S wave has no forbidden 
state. The allowed bound state in the P wave corresponds to the GS of 16O and is at the 
binding energy of the p15N system of -12.1276 MeV.103 Because the moment of 15N is 
equal to JT = 1/2-1/2 Ref. 97 and for 16O we have JT = 0+0, then its GS in the p15N 
channel can be the 3P0 state (representation in 
(2S+1)LJ). 
We regard the results on the classification of 16O by orbital symmetry in the p15N 
channel as the qualitative one as there are no complete tables of Young tableaux 
productions for the systems with a number of nucleons more than eight,65 which have 
been used by us in earlier similar calculations.38,39,67,68,93,95,96,104 At the same time, just on 
the basis of such classification, we succeeded with description of available experimental 
data on the radiative capture of protons and neutrons on 13C.82,92,105 That is why here we 
will use similar classification of cluster states, which gives the certain number of 
forbidden and allowed states in different partial intercluster potentials. The number of 
such states determines the number of nodes of the wave function of cluster relative 
motion with the certain orbital moment L.38,39,67,68,95,96 
 
7.2. Interaction potentials and structure of resonance states 
 
In the first place we have considered E1 transitions from the resonance 3S1 scattering 
wave without FS at the energies up to 1.5 MeV to the triplet GS 3P0 of 
16O in the p15N 
channel with one bound FS, for considering the total cross section of the radiative 
proton capture on 15N to the GS, as in the previous Refs. 38, 39, 67, 68, 95, and 96. 
There are two resonances at the energies up to 1.1 MeV, which can be compared with 
the 3S1 scattering wave. 
1. The first resonance is at the energy of 335(4) keV with the width of 110(4) 
keV (l.s.) and has the moment J,T = 1-0 (see Table 16.22 in Ref. 103) – it can be 
caused by the triplet 3S1 scattering state. 
2. The second resonance is at the energy of 710(7) keV with the width of 40(40) 
keV (l.s.) and has the moment J,T = 0-1. It can be caused by the 1S0 scattering state, 
however there is no resonance in the capture cross section for it. 
3. The third resonance is at the energy of 1028(10) keV with the width of 
140(10) keV (l.s.) and has the moment J,T = 1-1 (see Table 16.22 in Ref. 103) – it 
also can be caused by the triplet 3S1 scattering state. 
These levels have the next energies in the center-of-mass system: The first 
resonance is at the energy of 312(2) keV with the width of 91(6) keV – it corresponds 
to the ES of 16O at the energy of 12.440(2) MeV. The third resonance is at the energy 
of 962(8) keV with the width of 130(5) keV – it corresponds to the ES of 16O at the 
energy of 13.090(8) MeV (see Table 16.13 in Ref. 103). We do not consider the 
second resonance, because, as it was mentioned, it does not give obvious contribution 
to the total radiative capture cross sections. 
Carrying out the calculations of the total radiative capture cross sections the 
nuclear part of the p15N intercluster potential is usually presented in the Gaussian form 
of Eq.(9).38,39,67,68,95,96 
Immediately note that for the potential of the resonance 3S1 waves without FSs 
two potentials were obtained, which correspond to two resonances of different width at 
different energies of 335 keV and 1028 keV. The parameters of the first potential: 
 
 VS1 = 1.0857 MeV,  Р1 = 0.003 fm
-2  (45) 
 
lead to the resonance energy of 335.0(1) keV and its width of 138(1) keV (l.s.), and 
the scattering phase shift is shown in Fig. 18 by the solid line. The relative 
accuracy of calculation of the 3S1 scattering phase in these calculations is equal to 
10-3 approximately and for the energy of 335 keV this potential leads to the value of 
the phase shift of 90.0(1)°. 
The next parameters were obtained for the second potential of the 3S1 wave 
 
 VS1 = 105.059 MeV,  Р1 = 1.0 fm
-2. (46) 
 
It leads to the resonance at 1028.0(5) keV and its width is equal to 140(1) keV (l.s.), 
and the scattering phase shift is shown in Fig. 18 by the dashed line – for resonance 
energy this potential also leads to the phase shift value of 90.0(1)°. 
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Fig. 18. The phase shifts of the p15N elastic scattering in the 3S1 wave 
 
Here, we must draw attention38,39,67,68,95,96 that the potential with the given 
number of BSs is constructed completely unambiguously using the energy values of 
the resonance level in spectra of 16O and its width. It is impossible to find other 
parameters V0 and , which can be able correctly reproduce the level resonance energy 
and its width, if the specified number of FSs and ASs are given, which in this case 
equals zero. The depth of this potential unambiguously determines the location of the 
resonance, i.e., the level resonance energy Er, and its width gives specific width r of 
this resonance state. The error of parameters of such potential is determined by the 
measurement error of the level Er and its width r.
38,39,67,68,95,96 However, here we must 
note that it is impossible, for the present, to construct the unified 3S1 potential, which 
would contain two, noted above, resonances with different energies and widths. 
Therefore, the calculated total cross section for these resonances will consist of two 
parts – the first with the potential of Eq. (45) and the second for the interaction of 
Eq. (46), also both of these parts are the same E1 transition from the 3S1 scattering 
wave to the 3P0 GS of 
16O. 
There are no resonance levels with J = 0+,1+,2+ and widths more than 10 keV (see 
Table 16.22 in Ref. 103) in the spectra of the elastic p15N scattering at the energies up 
to 1.05 MeV. Therefore, it is possible to use the parameter values for the potentials of 
the nonresonance 3P waves with one bound FS based on the assumption that in the 
considered energy range, i.e., up to 1.5 MeV, their phase shifts are equal to zero. The 
next parameters were obtained for such potentials 
 
 VР = 14.4 MeV,  Р = 0.025 fm
-2
. (47) 
 
The calculation of the Р phase shifts with this potential at the energy up to 1.5 
MeV leads to their values from 180° to 179°. The unified Levinson theorem37,106,107 
was used for determination of the phase shift values at zero energy, therefore phase 
shifts of the potential with one bound FS have to start from 180°. There is the 
resonance with J = 2+ (see Ref. 103) in the spectrum of 16O at the energy of 1.050(150) 
MeV, however the width values are not given for it, and the next J = 1+ resonance with 
the width of 68(3) keV is located higher than 1.5 MeV. 
Furthermore, we will construct the potential with FS of the 3P0 state, which has to 
correctly reproduce the binding energy of the GS of 16O with JТ = 0+0 in the p15N 
channel at -12.1276 MeV (see Ref. 103) and reasonably describe the mean square 
radius of 16O, which experimental value equals 2.710(15) fm,103 when the 
experimental radius of 15N equals 2.612(9) fm.97 The charged and the mass radius of 
proton are equal to 0.8775(51) fm were used in these calculations.87 Consequently, the 
next parameters for the potential of the GS of 16O in the p15N channel were obtained: 
 
 VG.S. = 1057.99470 MeV,  G.S. = 1.2 fm
-2. (48) 
 
The potential leads to the binding energy of -12.12760 MeV at the FDM 
accuracy of 10-5 MeV, the mean square charged radius of 2.52 fm and the mass radius 
of 2.57 fm. The value of 1.94(1) at the range of 2–10 fm was obtained for the AC, 
written in the dimensionless form of Eq. (10).51 The error of the constant is determined 
by its averaging over the noted above range interval. The phase shift of this potential is 
in the range from 180º to 179º at the energy up to 1.5 MeV. 
The value of 192(26) fm-1 for this AC is given in Ref. 108 that after division on 
the spectrofactor value of 2.1 and the antisymmetrization coefficient of 16 (see 
Ref. 109) gives 5.71(77) fm-1 or 2.39(88) fm-1/2. Its recalculation to the dimensionless 
value at 02k = 1.22 gives 1.96(72) – this value is in a good agreement with the 
constant obtained above. The recalculation of the AC to the dimensionless value is 
needed because another definition of the AC were used in these works, that is from 
Eq. (17), which differs from using here by factor 02k . In addition, the AC from 
Ref. 108 contains the spectrofactor equals, evidently, 2.1 and the antisymmetrization 
coefficient, obtained in the review of Ref. 76. 
Give here the second variant of the GS potential with the similar parameters, but 
slightly another AC 
 
 VG.S. = 976.85193 MeV,  G.S. = 1.1 fm
-2. (49) 
 
It leads to the same binding energy, does not change the values of mean square 
charged and mass radii, and for the AC in the dimensionless form of Ref. 51 at the 
range of 2–9 fm the value of 2.05(1) was obtained. The phase shift of this potential at 
the energy up to 1.5 MeV lies at the same interval of values as for the potential of 
Eq. (48). 
Earlier it was shown once and again in Refs. 38, 39, 67, 68, 95, and 96 that the 
additional control of calculation of the binding energy GS or BS on the basis of the 
variational method (VM)74,110 leads to the results coinciding with the FDM with the 
given determination accuracy of the binding energy of two-cluster system, therefore 
here we already not used the VM for the verification of this binding energy. 
 
7.3. The total proton capture cross sections on 15N 
 
Going to the direct consideration of the results of the М1 and the Е1 transitions to the 
GS of 16O, note that we succeeded111,112,113 to find the experimental data for the total 
cross section of the process of the proton capture on the 15N in the energy range from 
80 keV up to 1.5 MeV, which will be considered furthermore – these results are shown 
in Figs. 19a and 19b. The first part of the cross section of the E1 transition 0
3
1
3 PS   
to the GS, calculated with the potentials of the scattering state of Eq. (45) and the GS 
of Eq. (48), is shown in Fig. 19a by the dashed line, and the dotted line shows the cross 
section of the E1 transition for the scattering potential of Eq. (46) and the GS of 
Eq. (48). In addition, we considered the M1 transition of the form 0
3
1
3 PP   with the 
potentials of the scattering state of Eq. (47) and the GS of Eq. (48). The results of these 
calculations are shown in Fig. 19a by the dot-dashed line and the total summed cross 
section for the referred above capture processes to the ground state is shown by the 
solid line. The S-factor is equal to 39.50(5) keV b and practically constant at the 
energy range of 50–60 keV. The similar calculations are given in Fig. 19b for the GS 
potential of Eq. (49), these results differ from the previous one only in the low energy 
range. This potential of the GS leads to the S-factor values of 43.35(5) keV b at the 
energy range of 50–60 keV. The values of the S-factor at these energies, owing to their 
weak changes, can be considered, evidently, as the S(0)-factor for zero energy. 
It can be noted that if the parameters of the resonance 3S1 potential are fixed 
according to the resonance of phase shift relatively unambiguously and for the bound 
state they are chosen on the basis of the description of the bound state characteristics, 
therefore for the 3Р1 potential of Eq. (47) with the FS which leads to zero scattering 
phases, another parameter values are possible. However, only the given above 
parameters of Eq. (47) allow one to obtain the acceptable results of calculations for the 
transition from the 3Р1 wave to the GS, which are shown in Fig. 19a and 19b by the 
dot-dashed lines. Now, it is impossible to draw a unique conclusion about the form and 
depth of such scattering potential. 
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Fig. 19a. The astrophysical S-factor of the proton radiative capture on 15N to the GS. The 
experimental data: ▲ – Ref. 111, ■ – Ref. 112, ○ – Ref. 113. Lines – the calculation of the 
total cross sections for transitions to the GS. 
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Fig. 19b. The same as in Fig. 19a. 
 
In addition, the medium-energy region, where the minimum of cross sections at 
500 keV is observed, is described badly. It is connected with the inefficient abrupt 
decrease of the cross section after the first resonance at the energy above 400 keV (the 
dashed line in Figs. 19a and 19b) and with the inefficient abrupt rising of it before the 
second resonance at the energies up to 600–650 keV (the dotted line in Figs. 19a and 
19b). It is also connected with the value of the cross section for the M1 transition, 
which is, for this energy region, more than minimal experimental value of 4.9 keV b at 
507 keV.113 And here, evidently, the results of the phase shift analysis of angular 
distribution of the elastic p15N scattering are needed for the construction of the correct 
potentials of two resonances in the 3S1 wave. 
 
8. Conclusion 
 
As can be seen from the listed results, the obvious assumptions about the methods of 
construction of the n10B interaction potentials, if they have FSs, allow one to obtain 
acceptable results on the description of the available experimental data for the total 
cross section of the neutron capture on 10B.73,78,80 at the energy range from 25 meV to 
61 keV. The possibility to describe all considered experimental data both by capture 
cross section and according to the GS characteristics, allows us to fix parameters of the 
GS potential closely enough in the form of Eq. (16). The summed cross sections at the 
resonance energy of 0.475 MeV, equals 4.5 b at the width of the resonance of 193 
keV and 13.7 b at the width of 32 keV.  
Within the MPCM based on the deep attractive potentials with forbidden states 
and coordinated with the spectrum of resonance levels we succeeded to convey 
properly the behavior of the experimental cross sections of the n11B radiative capture 
onto the GS of 12B in the energy range 10-5–102 keV. Furthermore, within the E1 and 
M1 transitions the total cross sections have been described at resonance energies as a 
whole. Potentials for the GS and the first ES are in conformity with basic 
characteristics of 12B in the n11B channel, namely binding energy, charge radius and 
asymptotic constant. 
It was demonstrated that quite transparent assumptions on a way of construction 
of the p11B interaction potentials with forbidden states39 make it possible to reproduce 
reasonably well available experimental data of Refs. 7, 88, 89, and 90 for the radiative 
capture to the GS of 12C in the energy region from 80 meV up to 1500 keV, as well as 
claim that the energy dependence of the observed cross sections occurs due to 
0
3
1
3 PS   and 0
3
2
3 PP   transitions. It should be noted, that there are no experimental 
data on the asymptotic constants for the GS, so our estimations might be regarded as a 
preliminary proposal. 
The MPCM based on the deep attractive potentials with forbidden states and 
coordinated with the spectrum of resonance levels mares it possible to convey 
properly the behavior of the experimental cross sections of the proton radiative 
capture on 11B onto the GS of 12C in rather wide energy range. Furthermore, the 
total cross sections have been described at resonance energies as a whole. 
Potentials for the GS and the first ES are in conformity with basic characteristics of 
12C in the p11B channel, namely binding energy, charge radius and asymptotic 
constants. 
The resonance 2S1/2 phase shift of the p
14C elastic scattering at energies from 
0.6 MeV to 2.3 MeV was found as a result of the carried out phase shift analysis of 
the experimental differential cross sections in excitation functions.98 The resonance 
energy of the phase shift is in a quite agreement with the level spectrum of 15N in the 
p14C channel.97 The results of the carried out phase shift analysis, i.e., phase shift of 
the elastic p14C scattering and the data of resonances of 15N,97 allow one to 
parametrize intercluster interaction potentials for scattering processes in the 
resonance 2S1/2 wave. These potentials, by-turn, can be used further for carrying out 
certain calculations for different astrophysical problems, partially considered, for 
example, in Ref. 38, 39, and 96. 
It should be noted that it is not enough data of Ref. 98 for carrying out of the 
accurate phase shift analysis and the another additional data on differential cross 
sections, for example, angular distributions in the resonance region are needed. Such 
data can allow one to determine the location of the 2S1/2 resonance in the region of 1.5 
MeV and more accurately determine its width exactly on the basis of the elastic 
scattering phase shifts. 
Furthermore, the measured cross section or the astrophysical S-factor of the proton 
capture reaction on 14C are succeeded to correctly describe on the basis only of the E1 
transition from the resonance 2S1/2 scattering wave with FS to the 
2P1/2 GS without FS 
of 15N, considered in the two-body p14C model. The carrying out in future more detailed 
measurements of total cross sections of this reaction, especially, in the resonance region 
at 1.5 MeV allows one to draw, apparently, more concrete conclusions about the quality 
of description of the considered cross sections of the reaction of the proton capture on 
14C in the framework of the MPCM. 
The intercluster potentials of the bound state, constructed on the basis of the 
quite obvious requirements for description of the binding energy, the mean square 
radii of 16O and the AC values in the p15N channel, and also the scattering potentials 
describing the resonances allow one to reproduce generally correctly the available 
experimental data for the total cross sections of the proton radiative capture on 15N at 
low energies.113 Meanwhile, all p15N potentials using here are constructed on the 
basis of the given above classification of the FSs and the ASs according to Young 
tableaux. 
However, it is difficult to do defined and final conclusions if there are no 
results on the phase shift analysis, carried out on the basis of differential cross 
sections of the p15N elastic scattering. Such data are needed, approximately, in the 
range of 0.3–1.5 MeV, however the results at the energies lower 1 MeV are absent 
up to now. Meanwhile, the available data on the differential cross sections114 were 
obtained in the form of excitation function only at two angles and only above the 
energy of 0.97 MeV. Therefore, furthermore it is desirable to carry out the detailed 
measurement of the differential cross sections of the elastic scattering in the energy 
range from 0.1–0.3 MeV up to 1.3–1.5 MeV. Such data have to contain angular 
distributions in the range of two resonances at 335 keV and 1028 keV (see Ref. 103) 
at angles from 30º to 170º. 
Thereby, the MPCM again confirms, as already done in 26 reactions (see 
Table 1) presented in Refs. 38, 39, 58, 66, 67, 68, 91, 93, 94, 102, 115, 116, its ability 
to describe correctly the cross sections of the processes such as the radiative capture of 
neutral and charged particles on light nuclei at thermal and astrophysical energies. As 
this occurs, such results are obtained using the potentials matched with the resonance 
scattering phases, or with the level spectra of the final nucleus and the BS 
characteristics of the considered nuclei and some basic principles of the construction 
of such potentials were checked partially in the three-body calculations.117 
 
Table 1. The characteristics of nuclei and cluster systems, and references to works in 
which they were considered.+)  
No. Nucleus (J,Т) 
Cluster 
channel Tz T Refs. 
1. 3He (1/2+,1/2) p2H +1/2 + 0 = +1/2 1/2 38, 67, 68, 93 
2. 3Н (1/2+,1/2) n2H –1/2 + 0 = –1/2 1/2 39, 58, 66 
3. 4He (0+,0) p3H +1/2 – 1/2 = 0 0 + 1 38, 68 
4. 6Li (1+,0) 2H4He 0 + 0 = 0 0 38, 68 
5. 7Li (3/2-,1/2) 3H4He –1/2 + 0 = –1/2 1/2 38, 68 
6. 7Be (3/2-,1/2) 3He4He +1/2 + 0 = +1/2 1/2 38, 68 
7. 7Be (3/2-,1/2) p6Li +1/2 + 0 = +1/2 1/2 38, 67, 68 
8. 7Li (3/2-,1/2) n6Li –1/2 + 0 = –1/2 1/2 39, 58, 66 
9. 8Be (0+,0) p7Li +1/2 – 1/2 = 0 0 + 1 38, 67, 68 
10. 8Li (2+,1) n7Li –1/2 – 1/2 = –1 1 39, 58, 66, 94 
11. 10B (3+,0) p9Be +1/2 – 1/2 = 0 0 + 1 38, 68 
12. 10Be (0+,1) n9Be –1/2 – 1/2 = –1 1 91, 116 
13. 11B(3/2-,1/2) n10B –1/2 + 0 = –1/2 1/2 Present work 
14. 12С (0+,0) p11B +1/2 – 1/2 = 0 0 Present work 
15. 12B (1+,1) n11B –1/2 – 1/2 = –1 1 Present work 
16. 13N (1/2-,1/2) p12C +1/2 + 0 = +1/2 1/2 38, 67, 68 
17. 13C (1/2-,1/2) n12C –1/2 + 0 = –1/2 1/2 39, 58, 66 
18. 14N (1+,0) p13C +1/2 – 1/2 = 0 0 + 1 67, 68 
19. 14C (0+,1) n13C –1/2 – 1/2 = –1 1 39, 58, 66 
20. 15C (1/2+,3/2) n14C –1/2 – 1 = –3/2 3/2 39, 91, 115 
21. 15N (1/2-,1/2) p14C +1/2 – 1 = –1/2 1/2 Present work 
22. 15N (1/2-,1/2) n14N –1/2 + 0 = –1/2 1/2 39, 91, 115 
23. 16N (2-,1) n15N –1/2 – 1/2 = –1 1 39, 91, 102 
24. 16O (0+,0) p15N +1/2 – 1/2 = 0 0 Present work 
25. 16O (0+,0) 4He12C 0 + 0 = 0 0 38, 68 
26. 17О (5/2+,1/2) n16О –1/2 + 0 = –1/2 1/2 39, 58, 91 
+) T – isospin and Tz – its projection, J
 – total moment and parity. 
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